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ABSTRACT

Isoflavone synthase (IFS; CYP93C) plays a key noléhe biosynthesis of the
plant secondary metabolites, isoflavonoids. Thésnplic compounds, which are well-
known for their multiple biological effects, areopluced mostly in leguminous plants
(family Fabaceae). However, at least 225 of themelaso been described in 59 other
families, without any knowledge of orthologues tibhérto knownlIFS genes from
legumes (with the single exception of sugar beddeta vulgaris,from the family
Chenopodiaceae).

In view of these facts, this masters thesis hassed on two main objectives:
(1) to identify isoflavone synthase genes in sel@deguminous and non-leguminous
plants exploiting the PCR strategy with degeneaatd non-degenerate primers, and (2)
to find a system for the verification of the cotr&émction of these genes.

Our methodology for the identification dFS orthologues was successfully
demonstrated in the case of two examined legumdzhaseolus vulgarid. and
Pachyrhizus tuberosuysam.) Spreng, in the genomic DNA of which the cdetpIFS
sequences have been newly identified. To desigmoaefure for ascertaining the
correct function of these genes and others ongehihee been completely described, a
pilot study with IFS fronPisum sativuniL. (CYP93C18; GenBank number AF532999)
was conductedCYP93C18was identified, cloned and introduced into theapuée
isoflavone pathway-free pladtrabidopsis thalianausing Gatewa)' Technology. Its
correct function was verified at four different &s by: PCR witHFS-specific primers
(DNA), RT-PCR (RNA), Western blotting (proteins)dcarlPLC-MS (metabolites). In
addition, CYP93C18::GFP fused proteins were tramisieexpressed in the leaves of
Nicotiana benthamianaand the localization of the GFP signal was obsemedhe
endoplasmic reticulum using confocal microscopy,iclwhis consistent with the
predicted presence of a signal peptide in the IF&terminus, as well as with the
model of IFS generatad silico on the basis of cytochromes P450 homology.

Keywords: cytochrome P450, isoflavone synthase, CYP93(i8um sativumL.,
Pachyrhizus tuberozu@.am.) SprengPhaseolus vulgarid.., gene over-expression,

GFP, endoplasmic reticulum membrane



ABSTRAKT

Isoflavonsynthasa (IFS; CYP93C) hrajec&liou roli v biosyntéze rostlinnych
sekundéarnich metabalit— isoflavonoidi. Tyto fenolické latky, znamé diky Sirokému
spektru svych biologickych éinka, jsou produkovany iedevsim rostlinami zeledi
bobovitych (Fabaceae).ckoliv bylo nejmeért 225 isoflavonoid popsano i v 59 dalSich
celedich, ortolog znamychrS z bobovitych rostlin byl doposud popsan pouzediné
nebobovité rostlin—Beta vulgarig¢eled Chenopodiaceae).

Tato diplomova prace si na zakiadmirenych poznatik kladla za cil (1)
identifikovat ortologni geny pro isoflavonsynthaste vybranych bobovitych a
nebobovitych rostlinach a (2) vytiibsytém pro owrovani spravné funkcédhto ger.

NaSe metodika pro identifikaci ortolbglFS se os¥dcila v pripact dvou
zkoumanych bobovitych rostlin Phaseolus vulgarid.. a Pachyrhizus tuberosus
(Lam.) Spreng, Vv jejichZz genomické DNA byly riodentifikovany kompletni sekvence
genu pro IFS. Aby bylo mozno v budoucnuéiity spravnou funkci &chto a dalSich
piipadnych get pro IFS, byla provedena pilotni studie s IFS igalté zZPisum sativum
L. (CYP93C18; GenBank number AF53299&en pro CYP93C18 byl identifikovan,
klonovan s vyuzitim Gateway™ technologée vnesen doArabidopsis thaliana—
rostliny postradajici biosyntetickou drahu isoflaeai. Spravna funkceCYP93C18
v transgennich rostlinach pak bylaéswana nactyiech arovnich: PCR s primery
specifickymi kIFS (DNA), RT-PCR (RNA), Western bloty (proteiny) a HB-MS
(metabolity).Zarover byla potvrzena spravna btgma lokalizace CYP93C18 metodou
transientni exprese fuaznich proieidFS::GFP v listechNicotiana benthamiana.
Fluorescetni signal byl konfokalnim mikroskopem pozorovan eraloplasmatickém
retikulu, coZz odpovid®redikované fitomnosti signalniho peptidu na N-konci IFS,
stejre jako modelu generovanémusilico na zaklad homologie cytochroiinP450.

Kli ¢ova slova cytochrom P450, isoflavonsynthasa, CYP93CR&um sativumL.,
Pachyrhizus tuberozugLam.) Spreng,Phaseolus vulgarid.., genova overexprese,

GFP, membrana endoplasmatického retikula
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1. INTRODUCTION

Amidst the vast number of cytochromes P450, isoft&v synthase (IFS;
belonging to the CYP93C subfamily) occupies a spgiace due to its key role in the
biosynthesis of the plant secondary metabolitedlagonoids. Although these phenolic
compounds are produced predominantly in the Faladamily, they have been
detected in a further 59 plant families, as fakra®wvn to datéMackovaet al, 2006).

The literature deals extensively with the positeféects of these well-known
phytoestrogens on human health, including cancevemtion and the mitigation of
menopause symptoms, as well as with the poteniskis rassociated with their
consumption (Ososki and Kennelly, 2003; Cornwetl al., 2004). In addition,
isoflavonoids have considerable importance for tslathemselves, particularly as
phytoalexins and chemoattractants in rhizobial sgsib (Dakora and Phillips, 1996).

Isoflavone synthase is known for its outstandihgitg to catalyze both the
hydroxylation of the two flavanone precursors -iigigenin and naringenin — as well
as the critical migration of the aryl group frometiC2 to the C3 position on the
chromene skeleton of the flavanones. To date, @ividual IFS-amino-acid sequences,
displaying a homology of more than 95%, have beescidbed. Apart from this, the
presence ofFS (in two isoforms) has been reported only oncehm tase of only a
single non-leguminous specieBgeta vulgarig(sugar beet) from family Chenopodiaceae
(Junget al, 2000).

1.1. Aims of the present study

In the light of the fact that there is a numberigdflavonoid-producing plant
families other than the Fabaceae family and yetask any knowledge of the genetic
background of their isoflavonoid biosynthesis (wikie sole exception of sugar beet),
the main objectives of this thesis were formulaedollows:
(1) The identification of isoflavone synthase gemesselected non-leguminous and
leguminous plants;
(2) The performance of a pilot study with one & ttwo knownlFS genes fronPisum
sativumL. — namelyCYP93C18 GenBank accession no. AF532999 (Coogkal,
2005) — in order to develop a system for the vaatfon of the correct function of
newly-identified genes orthologous to knowRSs. This study also entails the

visualization of IFSn vivo, thus providing confirmation of its subcellulacc&ization.
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2. LITERATURE SURVEY

2.1. Isoflavonoid biosynthesis

Isoflavonoids represent a group of phenolic psedondary metabolites and are
well-known for their multiple beneficial effects twth plant and human health. Their
biosynthetic pathway and the unusual manner ofr theimation are therefore
frequently discussed in the literature, in mostesag connection with metabolic

engineering.

2.1.1. Phenylpropanoid metabolic pathway

The plant phenylpropanoid pathway is responsibtele production of a broad
spectrum of phenolic secondary metabolites, inalgdignins, lignans, salicylates,
coumarins, stilbens, styrylpyrones and all compguehbraced by the common name
flavonoids — such as chalcones, isoflavonoids, ofi@s, flavonoles, anthocyanins,
condensed tannins, phlobaphenes and many othersZHi; Buchanart al, 2002).
The most abundant phenylpropanoid derivative isitig(66.0% of all compounds
synthesised in the phenylpropanoid pathway), faldwy condensed tannins (18.6%)
(Aksamit-Stachurskat al, 2008; Winkel-Shirley, 2001). The compounds emerging
from this pathway have a wide variety of functioas structural, signalling and
protective molecules. For this reason the pathwaythie best-studied secondary
metabolic pathway of all (Yu and McGonigle, 2005).

The precursors of the phenylpropanoid pathwayphawsphoenolpyruvate (from
glycolysis) and erythrose 4-phosphate (from thegesnphosphate pathway), leading to
two important intermediates, shikimic and chorisnacid. The phenylpropanoid
pathway itself begins with the action of phenyl aomium lyase (PAL), which
deaminates the amino-acid phenylalanine deriveoh fthorismate. The cinnamic acid
so formed is then converted, in several steps, ¢chdcon. The biosynthetic pathway
leads from chalcon to flavanones and then to igofias, which are the subject of our
interest. The other main biosynthetic steps anddbras of the pathway are shown in

the diagram below (according to Buchamdml, 2002; Fig. 2.1.).
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General phenylpropanoid pathway
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Fig. 2.1.Schematic of the major branches of the pkpropanoid pathwe. Enzymes involved:
(1) plenylamonium lyase (PAl, (2) cinnamate-dydroxylase (C4H), (* 4-coumaroyl:CoA-
ligase (4CL), (4) chalcone synthase (CH (5) dalcone isomerase (Ch Drawn in
ACD/Chemsketch after Buchanet al., 2002 and WinkeShirley, 200.

2.1.2. Thebiosynthetic pathway leading to the production ofisoflavonoids

Theflavonoic — and thus isoflavonoid pathway starts with thcondensation of
p-coumaroyl€oA with three molecules of malol-CoA, to form the C15 flavonoid
skeleton —chalcone This can be the tetrahydroxychalcoamed naringen-chalcon
(formed by thecatalysii of chalcone synthase), or theahydroxychalcon named
isoliquiritigenin formed through thecatalysis of chalcone synthase and chalc
reductase)From these structures ai the ubiquitous flavanonimaringenin, and the
less abundant flavanonliquiritigenin, respectively (bothby chalcone isomerase
catalysis).Interestingly, chalcce isomerase from ndeguminous specieis unable to
catalyse the isomerization of isoliquiritigerinto liquiritigenin (Shimadeet al, 2003).

Theaforementionedlavanones are direct precursordledisoflavonegyenistein
and daidzein, respectivelywhich are he first isoflavonoids to appe in the pathway

(Fig. 2.2.).The conversion of the flavanones to isoflavonecatalysecby the unusual
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action of isoflavone synthase (2-hydroxyisoflavam@ynthase, detailed description in
the section 2.2.) The flavanone naringenin, howeverutilized by several other

enzymes from the flavonoid metabolism (e.g. flave8-hydroxylase, flavone

synthase etc.), thus competing with IFS for thestale (Yu and McGonigle, 2005).

The further metabolism of isoflavones involves ymes such as
glycosyltransferases, prenyltransferases, metisyirases and others, all of which are
characterized by a wide substrate specificity ilap2007). Their mode of action could
partly explain the phenomenon “Too few genes, tamymmetabolites” (Schwab, 2003),
reflecting the considerably higher number of melisdg® compared to the limited
number of known genes encoding for the discussegess.

According to Veitch (2007), one of the essentiabcpsses leading to
isoflavonoid diversification is the hydroxylatiorf the C-2"and C-3"positions by the
isoflavones 2°-hydroxylase and 3’-hydroxylasepeetively. Another important and
well-defined modification is the methylation of daein and its precursor 2,7,4 -
trinydroxyisoflavanone, resulting in the productiof the isoflavones isoformononetin
and formonetin, respectively (Akashkt al, 2000). The latter is a key precursor of
isoflavans, coumestans and pterocarpan phytoalégigs medicarpin or pisatin; Fig.
2.2.).

13



p-Coumaroyl-CoA + 3 Malonyl-CoA
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Fig. 2.2 Schematic of the isoflavonoid biosynthetic pathwBynzymes involved CHS,
chalcone synthaseCHI, chalcone isomerasédf-S, isoflavone synthaselFD, isoflavone
dehydratase|OMT , isoflavanoneO-methyltransferasell4 IOMT , hydroxyisoflavanon
4’-O-methyltransferase; D7OMT, daidzein  7©-methytransferase. Drawn |
ACD/Chem%etch after Buchaneet al,, 2002 and Veitch, 2007.
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2.2. Isoflavone synthase (IFS)

Isoflavone synthase, IFS (also called 2-hydroXiasanone synthase, 2-HIS)
plays a key role in the biosynthesis of the platdosndary metabolites, isoflavonoids.
This enzyme was discovered as a cytochrome P45@onggenaséy the Griesebach
group at the University of Freiburg in 1984 (Hagmamd Griesebach, 1984). This was
when it was first proclaimed: “The ‘isoflavone slyase’ was found in elicitor-
challenged soybean cell cultures”. They reportedt tinicrosomes prepared from
elicitor-challenged soybean cell cultures catalysitd NADPH-dependent and
dioxygen-dependent rearrangement of radio-labefladngenin to genistein. Many
years later, IFS was classified as a member osubé&amily CYP93CIt will be treated in

greater detail below.
2.2.1. Cytochromes P450 (CYPSs)

Plant P450 monooxygenases are membrane-boundngrotsisting of a heme
and of an apoprotein that is responsible for satestspecificity (Bolwellet al, 1994).
Utilizing reducing equivalents from the NADPH cadfaG they catalyse an enormous
range of oxidative reactions across all kingdomsplants they are involved in the
metabolism of lipids, phenylpropanoids, alkaloiderpenoids and other secondary
metabolites (Ayabe and Akashi, 2006).

The heme prosthetic group is bound through a tystsidue in a highly-
conserved domain near the C-terminus (Bolwatllal 1994), in a position nearly
parallel to the surfaces between the L and | heliddthough the CYPs consist of
conservedi-helices and3-sheets, they display narrow substrate specifieisywell as
strict regio- and stereo-specificities (Mansuy, 899

Several X-ray structures of some vertebrate anttebal CYPs have been
described. According to the available literaturewhver, plant cytochromes P450 have
not yet been obtained and thus the question optheise structure of these proteins

remains to be solved.
2.2.2. CYP93C

In 1999-2000, that is as late as 16 years aftelistovery, IFS was confirmed to
be the cytochrome P450 on the basis of genomidestuwzhrried out independently by
three research groups (Steetal 1999; Akashet al 1999; Junget al, 2000).

15



Based on the sequence homology and P450 nomeamgladll isoflavone
synthases of which the genes had been cloned viaredoin the subfamily CYP93C,
and denoted by Dr. David Nels¢009)by list numbers (Tab. 2.1.).

The sequences evince the typical features of bytmees P450, including “A’-
“L” a-helices (the “I" helix is oxygen-binding), hemeading motifs near the C-
terminus, and conserved PERF domain (Stee&, 1999; P450 Engineering Database,
University of Stuttgart, http://www.cyped.uni-stygit.de/).

To date (as of July 2010), 28 individual IFS-amawd sequences (including
IFS isoforms), displaying a homology of more th&3%®) have been described in a total
of 17 leguminous species, according to the P450nEeegng Databasdloreover, three
recent additions have appeared in the GenBank:IB&oisoforms from the legume
Lupinus luteugMadrzak and Narozna, 2008, unpublished) and BSeskequence from
the legumeCullen corylifolium (Misra et al, 2010). The presence of IFS in non-
leguminous species has hitherto been reportedojust — in the single case Bkta
vulgaris, from the family Chenopodiaceae, where tik& isoforms have been found
(Junget al, 2000).

ThelFS gene fromGlycine maxsoybean) was first described more or less at the
same time independently by Steeleal. (1999) and by Jungt al (2000). Junget al
isolated twolFS isoforms (IFS1 and IFS2) sharing highly homolag regions (92.5%
at the nucleotide level and 96.7% at the amino &idl). Both isoforms can convert
the flavanone substrates to isoflavones, but wiflerthg degrees of efficiency (Jured
al., 2000) Since that time, the gene has been successfullyrexyyessed in several
non-leguminous species that do not produce isoflants, namelyArabidopsisthaliana
(Junget al, 2000 and otherslNicotiana tabacunfJunget al, Yu et al, 2000, Liuet al,
2007), Solanum lycopersicur(Shih et al, 2008),Petunia hybrida VilmandLactuca
sativa (Liu et al, 2007),0Oriza sativa(Sreevidyaet al, 2006), andZea maysblack
mexican sweet cells (Yet al, 2000). These studies were motivated by potential
applications in the metabolic engineering of iseflaoids, but the vyield of
isoflavonoids was several orders of magnitude lothan in soybean seeds (which
contain approximately 200 mg isoflavonoids per 1§0of beans; Mazur and
Adlercreutz, 1998).
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P450 Species GenBank number Reference
CYP93C1 Glycine max AF022462 Siminszky et al., 1999
CYP93C1v2 Glycine max AF135484 Steele et al, 1999
CYP93C2 Glycyrrhiza echinata ~ AB023636 Akashi et al., 1999
CYP93C3 Cicer arietinum AF243804 Overcamp et al., 2000
CYP93C4 Glycine max AF089850 Wu and Verma,
dir.sub.1998
CYP93C5 Glycine max AF195818 Jung et al., 2000
CYP93Cévi Vigna radiata AF195806 Jung et al., 2000
CYP93Cév2 Vigna radiata AF195807 Jung et al., 2000
CYP93Cév3 Vigna radiata AF195808 Jung et al., 2000
CYP93Cév4 Vigna radiata AF195809 Jung et al., 2000
CYP93C7v1 Medicago sativa AF195801 Jung et al., 2000
CYP93C7v2 Medicago sativa AF195802 Jung et al., 2000
CYP93C8 Medicago sativa AF195800 Jung et al., 2000
CYP93C9vi Trifolium pratense AF195810 Jung et al., 2000
CYP93C9v2 Trifolium pratense AF195811 Jung et al., 2000
CYP93C10v1 Trifolium repens AF195814 Jung et al., 2000
CYP93C10v2 Trifolium repens AF195815 Jung et al., 2000
CYP93C11vi Beta vulgaris AF195817 Jung et al., 2000
CYP93C11v2 Beta vulgaris AF195816 Jung et al., 2000
CYP93C12 Lens culinaris AF195805 Jung et al., 2000
CYP93C13 Lens culinaris AF195804 Jung et al., 2000
CYP93C14 Pisum sativum AF195812 Jung et al., 2000
CYP93C15 Vicia villosa AF195803 Jung et al., 2000
CYP93C146 Lupinus albus AF195813 Jung et al., 2000
CYP93C17 Lotus japonicus AB024931 Shimada et al., 2000
CYP93C18 Pisum sativum AF532999 Cooper et al., 2005
CYP93C19 Medicago fruncatula  AY167424 Butelli et al., dir .sub. 2002
CYP93C20 Medicago fruncatula  AF195812 Deavours and Dixon, 2005
CYP93C21 Pueraria montana AF462633 Jeon and Kim, dir.sub.
var. lobata 2001
CYP93C22 Asfragalus DQ205408 Pan et al., dir sub. 2005
membranaceus (partial IFS)
Glycine soja EU391469 (IFST) Chenk et al., dir.sub. 2008
EU391516 (IFS2)
Vigna unguiculata EU616497 (IFST) Kaur and Murphy, dir.sub.
EU616500 (IFS2) 2008
Lupinus luteus FJ539089 (IFS1) Madrzak and Narozna,
FJ539090 (IFS2) dir.sub. 2009

Cullen corylifolium GU322814 Mistra et al., 2010

Tab. 2.1 List of clonedIFS genes from GenBank (http://www.nchi.nlm.nih.gowleatide/),
P450 Database (http://drnelson.uthsc.edu/cytochPdiB@.html) and from thB450 Engineering
Database, University of Stuttgart (http://www.cyped-stuttgart.de/). After Yu and McGonigle,
2005 (updated). Abbreviation: dir. sub — directraigsion.
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2.2.3. Reaction mechanism of IFS

In spite of the fact that the conversion of flawaes into isoflavones is a two-
step process, the overall reaction is frequenttyilasd to IFS (Veitch, 2007). In fact,
due to the action of membrane-bound IFS, an urestalitermediate 2-
hydroxyisoflavanone arises from a flavanone premu(ig 2.3.). For this reason, “2-
hydroxyisoflavanone synthase” or “2-HIS” is a m@meecise name for the enzyme
involved (Yu and McGonigle, 2005). The subsequésp $s catalyzed by a soluble 2-
hydroxyisoflavanone dehydratase, which is respdaddy the 1,2-elimination of water
from 2-hydroxyisoflavanones and the formation afcauble bond between the C2 and

C3 positions of the resulting isoflavone structy#lsashiet al., 2005; Fig 2.3.).

OH
HO O OH HO O
o HID
IFS
H

HO !

R o NADPH NADP OH  spontaneous OH
dehydratation
R=H: (25)-liquiritigenin 2-hydroxyisoflavanon R=H: daidzein
R=0OH: (25)-naringenin R=OH: genistein

Fig. 2.3. The biosynthesis of isoflavone from flavanone detail. IFS, isoflavone synthase;
HID, 2-hydroxyisoflavanone dehydratase. Drawn in AGE@Sketch, after Tian and Dixon,
2006.

Yu and McGonigle, who were amongst the first diseers of the isoflavone
synthase gene, called IFS an “intriguing enzymeabise of its outstanding ability to
catalyze both the hydroxylation of the two flavaagorecursors — liquiritigenin and
naringenin — and the critical migration of the agybup from the C2 to the C3 position
on the chromene skeleton of the aforementione@flames (Yu and McGonigle 2005).

The reaction mechanism of the 1,2-aryl migrationsvaudied in elicitor-
challengedPueraria lobatacell cultures (Hashimet al, 1990; Hakamatsukat al,
1991). The authors suggested a new reaction meshawhich, in contrast to the
previous concept of enol-epoxidation of the flavamdKochs and Grisebach, 1986),
involved hydroxylation associated with the rearemgnt of the flavanone (Fig. 2.4.).
The reaction requires interaction with NADPH:cytamhe P450 reductase, which
provides the P450 with electrons by reducing theDRAl. The mechanism involves (1)
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the abstraction of hydrogen from C3 by an activatgggen intermediate, bound to
heme iron, followed by (2) the migration of the lagyoup from position C2 to C3 on
the chromene skeleton, and (3) the rebinding ofhiygroxyl radical to C2 (Sawads

al., 2002). It is not clear whether or not IFS assibe dehydratase in the subsequent
step — the elimination of water (Yu and McGonigh§05). Although the reaction
catalysed by IFS is frequently called a “uniqueaatson, it cannot be excluded that
examples of a similar reaction mechanism might daend within the complex plant

secondary metabolism.

IFS
H H
HO ol HO ol. O\ OH
- Y —>
T~H X “
H o H OH o H O\
(0] N (o] I': OH
Fe € ¢
/
IFS I:I /Fe\
: OH
- H20 .
Dehydratase oH @\
OH

Fig. 2.4.The probable reaction mechanism of oxidative angration, catalyzed by isoflavone
synthase (IFS) and leading to the production oflasones. (1) liquiritigenin, (2) 2,7,4 -
trihydroxyisoflavanone (2-hydroxyisoflavanone, foshort), (3) daidzein. Drawn in
ACD/ChemSketch after Hakamatsuiaal,, 1991.

2.2.4. Molecular modelling of the IFS active site

In 2002, Sawada and his colleagues reported thdifidation of two amino-
acid residues that are critical for aryl migrati@awadaet al, 2002). On the basis of
the known X-ray crystal structure of the cytochrorRd50BM3 from Bacillus
megaterium(Ravichandraret al, 1993), and using a multiple-alignment analysithw
members of the CYP93 family, they generated a 3-d@iehof CYP93C2 (IFS from
Glycirrhiza echinata Fig. 2.5.). Several potentially crucial aminogsciwere marked
out by docking (&-liquiritigenin into the modelled IFS active sit€oint-mutated
proteins were then expressed in a heterologoug ggsiem, with the following results:
(1) the wild-type IFS produced 2-hydroxyisoflavaroand a reaction by-product, 3-
hydroxyflavanone, in a ratio of 92:8; (2) the proteiith Ser 316-Thr mutation (centre

19



of | helix) yielded 2-hydroxyisoflavanone and byegucts, in ratio of 57:43, indicating
an increased proportion of by-products; and (3)rtiutant protein with Lys 375Thr
produced only 3-hydroxyflavanone. Clearly, Lys 3f5CYP93C2 is essential for aryl
migration, whilst the role of Ser 310 is more e@qaial. Thes-amino group of Lys 375
probably acts as an anchor for the substrate, iasprtoximal to substrate hydroxyl at
C7. The probable role of Ser 310 is to facilitdte aryl migration, by providing the
reaction with more space than Thr (Thr is placethatposition 310 in the case of all
CYP93s with the exception of the subfamily CYP93C).

In a further study, Sawada and Ayabe (2005) intced Leu 371 as an
additional key amino-acid residue of IFS. Leu 3%llacated near the substrate and
appears to control the substrate accommodatidmeiadtive site and to contribute to the
correct P450 fold.

Leu 371

Fig. 2.5. In silico-generated model of the active site of IFS (CYP93CRrluding
accommodated liquiritigenin (in yellow; adaptednfr&awada and Ayabe, 2005).

2.3. 2-hydroxyisoflavanone dehydratase (2-HID)

2-hydroxyisoflavanone dehydratase (2-HID or IF®)gether with isoflavone
synthase (IFS), is responsible for the formatiothefisoflavonoid skeleton. 2-HID was
first purified and characterized by Hakamatseakaal from yeast extract-elicited cell
suspension cultures dPueraria lobata (Hakamatsukaet al, 1998). It is a single
polypeptide with a molecular weight of 38 kDa, isntric point at pH 5.1 and a pH

optimum at 6.8. It requires no co-factor.
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Akashiet al. (2005) further reported cloning 2-HID cDNA fro@lycine max
and Glycirrhiza echinata The amino-acid sequences of both 2-HIDs possdsed
motifs characteristic to carboxylesterases, whiatl hever been considered to exhibit
dehydratase activity (Akashet al, 2005). In other legumes, the production of
isoflavones from 2-hydroxyisoflavones is most ptadpa catalyzed by 2-HID
homologues. However, in the case of non-leguminmaists the possible presence of a
general “flavonoid dehydratase”, or the spontaneteis/dratation of the intermediate,

is more probable (Yu and McGonigle, 2005).

2.4. Isoflavonoids

2.4.1. Structure and classification of isoflavonoisl

Isoflavonoids constitute a sub-class of the phensécondary metabolites —
flavonoids, and thus have the same 15-carbon-skelst C6-C3-C6. In contrast to the
flavone, the B-ring of the basic structure of ia@fhne is attached at the C-3 rather than
C-2 position (Croziert al, 2006; Fig. 2.6., in which the biosynthetic onigpf the
skeleton is highlighted).

From the B
shikimic acid ) 8
pathway

/ o Three-carbon bridge 5
From the malonate
pathway

Fig. 2.6. The basic backbone of (A) flavone (2-phenylchromame; its biosynthetic origin
shaded) and (B) isoflavone (3-phenylchromen-4-origgawn in ACD/ChemSketch after
Crozieret al., 2006)

Isoflavonoids undergo various modifying reactiossich as hydroxylation,
methylation, prenylation, chlorination, the additiof aromatic or aliphatic acids and
extra heterocyclic rings, cyclization, dimerizatietc. (Reynaueét al, 2005).

In plants, isoflavonoids occur as free aglyconethey accumulate in the form

of glycoconjugates, with glucose as the most comsugar component (Reynaatal,
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2005). The conjugation step confers stability aoidlslity to the isoflavone aglycones,
enabling their compartmentalization to vacuoleghmir transportation to the site of
accumulation. Glycosides are further converted ih&ir respective malonyl derivatives
(Dhaubhadekt al, 2008). This process enhances their solubilitptgrts glycosides
from degradation by glycosidases and helps in thiairacellular transport
(Dhaubhaudeét al, 2008). The various modifications of isoflavore@ccount for the

multiplicity of their subgroups. According to Velitc (2007), sixteen different

isoflavonoid subclasses can be distinguished, asrsin Tab. 2.2.

Isoflavones Isoflavans Isoflavanquinones Isoflavanones
o
(o)
94 9d ( X
I O I O
0o

Rotenoids

(o) O
o
/
o
Pterocarpans Pterocarpenes
° 94
O ~
o o

Coumaronochromones 3-Arylcoumarins 2-Arylbenzofurans Isoflavanols
o
(o) o) o
= =

Tab. 2.2. Overview of the individual subgroups of isoflavig® and their basic chemical
structures. Drawn in ACD/ChemSketch after Veitdd)2
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2.4.2. Isolation and identification of isoflavonoid

Isoflavonoids can be isolated from fresh, driedlyaphilised plant material.
They occur more often in roots, rhizomes, woodkbslhoots and seeds, than in leaves
or flowers (Dacora and Phillips, 1996; Reynaaidal, 2005). However, depending on
both biotic and abiotic factors, isoflavonoids catumulate in any part of the plant
(Dacora and Phillips, 1996).

As far as analytical techniques are concerned, dbenbination of high-
performance liquid chromatography (HPLC) with mapgctrometric detection (MS),
electrospray ionization (ESI) and atmospheric presshemical ionization (APCI), has
proved to be a useful tool (Boland and DonnelB98). Gas chromatography, nuclear
magnetic resonance and capillary electrophoresisaso commonly employed. Apart
from these, immunochemical methods such as flueresc immunoassay (FIA),
radioimmunoassay and enzyme-linked immunosorbesdayaELISA) have also been
found to be very sensitive and effective (Eiget al,, 1999; Lapik et al, 2004).

The constantly growing sensitivity of methods fibre analysis of natural
products now enables the detection of isoflavon@dsn in such plants where only

traces can be found or in which the occurenceadfagonoids had not been expected.
2.4.3.Taxonomical distribution of isoflavonoids

In the middle of the 19th century, Reinsch and Mlatz first discovered the
isoflavonoid ononin in the roots of the legu®@eaonis spinozd.. Surprisingly, further
isoflavonoids were reported in connection with negaminous species, namely iridin
from Iris florentina (Iridaceae; de Laire and Tiemann, 1893) and pmirieim Prunus
sp. (Rosaceae; Finnemore, 1910) (cited from VeR268,7 and Lagik, 2007).

Due to their ubiquitousness in the Fabaceae fanshbflavonoids have been
considered as chemosystematic markers for thisntamothe past (Reynaudt al.,
2005). However, the presence of isoflavonoids fismarces other than legumes was
also reported. Three successive reviews (Reymrawd, 2005; Mackovéet al, 2006;
Lapcik, 2007) attempted to summarize the current kndgdeof the distribution of
isoflavonoids in non-leguminous families. AccorditogLagik and Veitch, at least 225
(predominantly isoflavones) out of over 1600 knaswflavonoids have been described
in 59 non-leguminous families (L&, 2007; Veitch, 2007). By the year 2007,

isoflavonoids had been found in one family of mes@@ryopsida), three families of
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conifers (Pinopsida), 10 families of monocots (psida) and 46 families of dicots
(Magnoliopsida; Mackovat al., 2006; Lagik, 2007; Tab. 2.3.).

Thus, small amounts of isoflavonoids are also eresn our daily diet, in

foodstuffs of plant origin. In addition to seedsdamther parts of leguminous plants

(especially all soya products), these compounds lagso been found in small amounts

in certain fruits, vegetables, cereals, potatodsseeds and nuts (Boket al, 2002,

Mazur and Adlercreutz, 1998). Isoflavonoids weroaletected in green tea and coffee
(Mazuret al, 1998), beer (Rosenbluat al, 1992) and even bourbon (Gavaggral,

1987).

The effects of dietary isoflavonoids, includingégatial benefits and risks to

human health, will be discussed below.

Division

Division

Bryopsida Bryaceae

Pinopsida  Araucariaceae
Cupressaceae
Podocarpaceae

Liliopsida Asphodelaceae

Cyperaceae
Eriocaulaceae
Iidaceae
Juncaceae
Liliaceae
Poaceae
Smilaceae
Stemonaceae

Zingiberaceae

Magnoliopsida

Amaranthaceae
Apiaceae
Apocynaceae
Asclepiadaceae
Asteraceae
Bombacaceae
Brassicaceae
Cannabaceae
Caryophyllaceae
Celastraceae
Chenopodiaceae
Clusiaceae
Connaraceae
Convolvulaceae

Crassulaceae

Cucurbitaceae
Erythroxylaceae
Euphorbiaceae
Magnoliaceae
Malvaceae
Melastomataceae
Menispermaceae
Moraceae
Myricaceae
Myristicaceae
Myrtaceae
Nymphaeaceae
Nyctagicaeae
Ochnacece

Papaveraceae

Polygalacece
Polygonaceae
Rhamnaceae
Rosaceace
Rutaceae
Rubiaceae
Sapotaceae
Scrophulariaceae
Solanaceace
Sterculiaceae
Urticaceae
Verbenaceae
Vitaceae
Violaceae

Zygophyllaceae

Note: Isoflavonoids appear to have been detectezsbime additional families (Lauraceae, Pedaliaceae
etc.), but the evidence has not been considerbd teliable (Mackovét al, 2006).

Tab. 2.3.0verview of non-leguminous taxa producing isoflawals, as of 2007 (after Reynaud
et al, 2005; Mackovét al, 2006; Lapik, 2007).

2.4.4. Biological functions of isoflavonoids in plats

The role played by isoflavonoids in plant defence andthe induction of

rhizobial symbiosis is frequently discussed inlitezature.

Due to their antimicrobial activity, some isoflanads are classified as

phytoalexins (i.e. antimicrobial compounds syntgelide novoin direct response to
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microbial attack and other stressors) and as phtitgins (i.e. molecules chemically
identical to phytoalexins but stored in plant callanticipation of pathogenic attack or
produced after infection solelyom preexisting constituents) (VanEtteh al, 1994).
Apart from isoflavonoids, which are the most widstydied class of phytoalexins, such
defensive compounds can be found among terpenk®nst, benzofuranes and other
chemical groups (Dakora and Phillips, 1996).

Amongst the most potent phytoalexins in leguminglasts are the isoflavanone
kieviton (Phaseolus Vigna); pterocarpans phaseollin®Haseoluy pisatin Pisunj,
medicarpin Cicer, Medicag9, glyceollins Glycing, maackiain Trifolium); and the
coumestan (a fully-oxidised pterocarpan) coumedi@ycine, Medicago, Phaseolus,
Vigna). However, the simple isoflavones daidzein, gemstformononetin, glycitein
and biochanin A also display some degree of antohial and antifungal activity
(Dakora and Phillips, 1996). A few examples of laedbnoid phytoalexins have been
detected also in several non-leguminous familiebe(@podiaceae, Myristicaceae,
Zingiberaceae, Iridaceae and others; Reynaud, 20@b Lagik, 2007). Moreover,
rotenoids (especially rotenone) from both legumgand non-leguminous species are
known for their insecticidal, piscicidal and antali activities (Boland and Donnelly,
1998).

The production of isoflavonoid phytoalexins is ukged at the level of
transcription of the genes which are required far iisoflavonoid biosynthesis. Biotic
elicitors (e.g. saccharides from the cell wall loé¢ pplant or of the pathogen) as well as
abiotic factors (e.g. UV radiation, heavy metatx) tow or too high concentrations of
minerals, etc.) play an important role in the stetion of isoflavonoid formation. The
elicited isoflavonoids can then act as toxins agfathe pathogens; but the signalling
function of isoflavonoids in connection with hypemsitive response (HSR) and
systemic acquired resistance (SAR), still awaitgrifitation (Dacora and Phillips,
2006).

The concept of the role of isoflavonoids as phigxias is somewhat
complicated by the fact that some isoflavonoidsfiom as stimulants of the mutualistic
interactions between leguminous plants and the diaotropic bacteria collectively
called rhizobia. Chemoattractants — isoflavonoidd #avonoids — are excreted from
roots and interact with rhizobial NodD proteins,igthserve as both environmental
sensors and activators of the transcription ofathial nod genes. This induction leads

to the synthesis of chitolipooligosaccharidic Nadtbrs which, in turn, through positive
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feedback, stimulate the further production of (ilswpnoids, provoke the nodulation of
root hairs and allow rhizobia to enter the roobtlyh the infection thread (Broughteh
al., 2000; Cooper, 2004; Fisher and Long, 1993). &sgfal infection eventually results
in the reduction of atmospheric,No ammonia (a form of nitrogen acceptable for
plants) by rhizobial enzyme nitrogenase.

Subramaniart al. (2004) showed that the expression of soybean nEfased
in root hairs as well as in xylem, in responsdtadyrhizobium japonicuntreatment.
IFS silencing using RNA interference resulted in a wtun of isoflavone levels, as
well as of nodulation efficiency in soybean haiopts; and even feeding the IFS RNAI
roots with the isoflavone genistein was not suéinti to restore the nodulation
(Subramaniaret al, 2006). Moreover, it was found that the IFS RNAobts had a
significantly higher level of auxin transport (tability of the isoflavone genistein to act
as auxin transport inhibitor was demonstrated lagg; Jacobs and Rubery, 1988).
According to these findings, isoflavonoids play riical role asnod gene inducers
inside the root. Also, there is a clear connechietween isoflavonoid accumulation and
the modulation of auxin transport, although thiswreection was found not to be
essential for nodulation (Subramaninal, 2007). Subramaniaet al. also cloned and
characterized the promoters of soybean, IFS1 a8d,|&nd found them to be root- and
seed-specific. These two promoters respond diffgreéa stimuli such as defence or
nodulation signals (Subramanianal.,, 2004).

Another interesting result was obtained by Sregvit al, who introduced the
soybeanlFS gene into rice (Sreevidyat al, 2006), which resulted in the transgenic
plants producing genistein in glycoside form. Irdigidn, these plants were able to
inducenod gene expression, as demonstrated by experimettisdvfierent strains of
rhizobia (Sreevidyat al.,, 2006).

2.4.5. Pharmacological effects of isoflavonoids

In the last 20 yeardsoflavonoids have attracted much attention dugher
multiple beneficial effects to human health. Iseflaes genistein and daidzein, the
richest source of which is dietary soybe&iy€ine max(L.) Merr., Fabaceae), are
known as effective phytoestrogens. There is a dessihumber of publications dealing
with this phenomenon.
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In brief, isoflavones have a structure which enables theto mimic the
endogenous hormorestradiol and to bind the estrogen receptoandp (Ososki and
Kennelly, 2003; Fig. 2.). They can act as both agonists am@gonists, i.e. they can
respectivelyactivate and blck the signalling pathwayeading to the expression
estrogerresponsive gene Hence they are termedseélective estrogen recep
modulators”(SERMs) ancare used as an alternativeltormone replacement thera
(HRT; Brzezinski and Debi, 199! Apart from this, isoflavone have several non-
genomic effects ohuman, such as, for example, tihibition of aromatase, tyrosine
kinase and DNA topoisomera (Kurzer and Xu, 1997)pr interactions with se
hormonebinding globulins (Mousavi and Adlercreutz, 1¢.

Undoubted ealth benefits resulting from thesad othe molecular effects
include thedecreased incidence of certain tyjof cancer, reduced (p-)menopausal
symptoms, theprevention of osteoporosis aiof cardiovascular diseas, antioxidant
actionand many others (Corweet al, 2004).

However, the poteial risks connected with isoflavortbconsumption are also
frequently discussed in the literatl. One such adverse effeghs describeas early as
in 1946, whent was first established thisheep grazing onlover pastures with high
levels of thasoflavone formononetisuffered from multiple fertility problems (Bnets
et al, 1946). Some studies with rodentsor even clinical studies with womi
demonstrated, botitne stimulatory and inhibitory effectsf isoflavones on breast canc
cell growth (Duffyet al., 2007). It is obvious that additional reaseacheiquird and
that all results mudie interpreted with a fair amount of cau.

Fig. 2.7. Comparison of genistein (A) and estradiol (B) dinoes when bound to estrog
receptor. Drawn in ACD/ChemSketch a DemmigAdams a McCauley, 20.
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2.5. Metabolic engineering of isoflavonoid biosyntsis

Since the flavonoid and isoflavonoid pathways aed-sharacterized pathways
of the secondary metabolism in plants, they presenéxcellent target for metabolic
engineering (Dixon and Steele, 1999). Moreoverflasonoids have been shown to
play an important role in plant defence, symbiotiteractions as well as in human
health. The genetic manipulation in plants — patéidy crops — which do not naturally
produce isoflavonoids should thus provide the glamth several beneficial functions.
On the other hand, it would be desirable to prodgeeetically-modified isoflavone-
deficient plants as fodder for grazing animals @@¥opet al, 2006).

The introduction of the isoflavonoid pathway imon-legumes can theoretically
be achieved by transformation with a single enzymES (Liuet al, 2002). However,
such attemps up to now have resulted in insufftdevels of isoflavonoids produced in
transformed plants (Dwet al, 2010). The bottleneck for engineered isoflavdnoi
production is the competition for flavanone sulistrdetween IFS and different
endogenous branches of the flavonoid pathway, edlyecommon flavonol synthesis.
Clear evidence for this was provided by latial (2002) who introducetFS into the
tt6/tt3(F3H/DFR) double mutant with blocked flavéramd anthocyanin biosynthesis.
As a result, they achieved significantly higherdisvof accumulated genistein.

The metabolic channelling through a metabolon.(Ei§.) — for which a model
was proposed by Liu and Dixon (2001) and Yu and BluGle (2005) — can thus
complicate possible engineering strategies, by tilngi the access of introduced
enzymes to their substrates (Dixon and Steele, )198® correct localization and
transport of the introduced protein play an impatrteole. In the case of membrane-
bound IFS, the protein has to migrate from its sitesynthesis and adopt the correct
orientation for its accurate association with thelBembrane (Jaganath, 2005). A better
understanding of how the metabolone is formed amuMedge of the interactions of
the components as well as of the manner in whiehpathways are regulated (the
transcription factors specific to the isoflavonqdthway have not been yet reported),
can open the way to the successful metabolic eagimg of isoflavonoids (Yu and
McGonigle, 2005).

Although the present masters thesis is not coweckrwith the metabolic
engineering of isoflavonoids, our methodical applohuilds upon the same principles

of genetic manipulation.
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Cytoplasm

Fig. 2.8. Proposed isoflavonoid (A) and flavonoid (Imetabolonsin the phenylpropanoid
pathway. Arrowheads indicate metabolite flc Enzymes involved: PAL,
phenylalaninammonium lyase; C4H, cinname-hydroxylase; 4CL4-coumaroyl:CoA-ligase;
CHS, chalcone synthase; CHI, chalcone isomeras®, @Halcone reductase; IFS, isoflav
synthase; IOMT, isoflavanorO-methyltransferase; FNS, flavone synthas3H, flavanone B-
hydroxylase; DFRdihydroflavonol ~reductaseAfter Yu a McGonigle, 200!
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3. MATERIALS AND METHODS

3.1. Material

3.1.1. Plant material

Young leaves from botliPisum sativumL. and Phaseolus vulgarid.. were
obtained from the greenhouses at the Czech UniyeskiLife Sciences in Prague and
from a commercial source (Podravka-Lagris s.r.aedh Republic); young leaves from
33 species from 14 different non-leguminous farmil{@ab.1) were all obtained from
the Czech University of Life Sciences in Pragughwie exception o€annabis sativa
(kindly provided by Dr. Martin Vagner, Institute &xperimental Botany AS CR) and
Beta vulgaris grown from seeds in room conditions (SEMO s.Caech Republic).
Seedsfrom Pachyrhizus tuberozufLam.) Spreng. were imported from Peru (seeds
provided by Wilfredo Guillen Huachua, Instituto Natal de Investigacion Agraria,
Lima). Arabidopsis thaliand.. ecotype Col-0 andllicotiana benthamian®omin. were

both provided by the Laboratory of pollen biologpystitute of Experimental Botany AS

CR.

Family Species Family Species
Annonaceae Annona cherimolia Lamiaceae Thymus serpillum
Annona muricata (cont.) Thymus vulgaris
Cannabaceae Cannabis sativa Lauraceae Persea americana
Humulus lupulus Pedaliaceae Sesamum indicum
Ephedraceae Ephedra sinica Ranunculaceae  Heleborus niger
Erythroxylaceae Erythroxylon coca Rubiaceae Coffea arabica
Chenopodiaceae Beta vulgaris Rutaceae Ruta graveolens
Iridaceae Iris sp. Solanaceae Capsicum annuum
Lamiaceae Hyssopus officinalis Capsicum frutescens

Lamium album
Levandula angustifolia
Mentha piperita
Ocimum basilicum
Origanum vulgare
Pogostemon cablin
Rosmarinus officinalis
Salvia officinalis
Scutellaria baicaliensis

Nicotiana rustica
Physalis peruviana
Solanum lycopersicum
Solanum muricatum
Solanum melongena

Zygophyllaceae

Tribulus terestris

Fabaceae
(control)

Phaseolus vulgaris
Pachyrhizus erosus

Tab. 3.1 Table of plant species selected for screening.
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3.1.2. Bacterial strains and plasmids

» The competent cells used were:

Escherichia coli- One Shét TOP10 Chemically CompeteBt coli (Invitrogen,USA)
AlphaSelect Gold Efficiency Competent Cells (BiolineK)J

Agrobacterium tumaefacierssrain GV3101

» The plasmids used were:

pGEM®-T Easy (Promega, USA)

pCR&/GW/TOPC (Invitrogen, USA)

PENTR™D-TOPG (Invitrogen, USA)

pGWB2 and pGWBS5 (obtained from Tsuyoshi Nakagawén@ne University, Matsue,
Japan)

3.1.3. Antibiotics

Antibiotics Final concentration Selection marker for:

Ampicilin 100 pg/ml PGEME-T Easy in E.coli

Gentamycin 50 pug/ml Ti-plasmid in Agrobacterium

Hygromycin 50 pug/ml pGWB2 and pGWBS5 in Alpha, Agrobacterium
and in tfransformed Arabidopsis

Kanamycin 50 pug/ml PENTR™/D-TOPO®in E.coli, pPGWB2 and pGWBS in
Alpha and Agrobacterium

Spectinomycin 100 pg/ml PCR®/GW/TOPO®in E.coli

Rifampicin 100 pg/ml Ti-plasmid in Agrobacterium

3.1.4. Growth media

» Bacterial growth media (w/v)

S.0.C. medium(Invitrogen, USA)

LB Broth: 2.5% LB Broth; pH 7.2

YEB medium: 0.5 % peptone, 0.6 % yeast extract, 0.05% MgB®O, 0.5% sucrose;
pH 7.2

LB Agar: 3.5% LB Agar; pH 7.2

YEB Agar: YEB medium, 1.2 % Agar

» Plant growth media (w/v)

% MS medium:0.2% Murashige and Skoog Basal Salt, 1% sucro8&%®myo-
inositol, 0.05 % MES, 0.8% agar; pH 5.7 + vitamihgg/ml ofthiamin, 0.5 pg/ml
pyridoxin and 0.5 pg/ml nicotine acid)

All media were autoclaved for 20 min at 121°C andtgressure 1kPa prior to the

addition of appropriate antibiotics/vitamins.
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3.1.5. Chemicals

Acetic acid Lachner, Czech republic
Agar Sigma-Aldrich, Germany
Agarose Serva, Germany

Cetrimonium bromide (CTAB)

Sigma-Aldrich, Germany

5-Bromo-4-chloro-3-indolyl--D-galaktosid (X-Gal)

Duchefa Biochemie, Netherlands

5-Bromo-4-Chloro-3'-Indolyphosphate p-Toluidine

Salt (BCIP)

Sigma-Aldrich, Germany

Acetosyringone

Sigma-Aldrich, Germany

Ammonium acetate

Merck, Germany

Bovine Serum Albumine (BSA)

Sigma-Aldrich, Germany

Bromphenol blue

Serva, Germany

Dimethyl sulphoxide (DMSOQ)

Serva, Germany

Dimethylformamide (DMFOQO)

Sigma-Aldrich, Germany

Ethylenediaminetetraacetic acid (EDTA)

Serva, Germany

Ethidium bromide

Sigma-Aldrich, Germany

Ethyl Alcohol Lachner, Czech republic
Glycerol Sigma-Aldrich, Germany
Chloroform Lachner, Czech republic

Isoamyl alcohol

Penta, Czech Republic

Isopropyl p-D-1-thiogalactopyranoside (IPTG)

Sigma-Aldrich, Germany

Isopropyl alcohol

Penta, Czech Republic

LB Agar

Duchefa Biochemie, Netherlands

LB Broth

Duchefa Biochemie, Netherlands

Magnesium chloride

Sigma-Aldrich, Germany

Magnesium chloride hexahydrate

Sigma- Aldrich, Germany

Magnesium sulphate heptahydrate

Merck, Germany

Methyl Alcohol

Lachner, Czech republic

Morpholinoethanesulphonic acid (MES)

Sigma-Aldrich, Germany

Murashige and Skoog basal salt mixture

Sigma-Aldrich, Germany

Myo-inositol

Sigma-Aldrich, Germany

N,N’-dimethylformamide

Sigma-Aldrich Germany

Nicotinic acid

Duchefa Biochemie, Netherlands

Nitro blue tetrazolium chloride (NBT)

Sigma-Aldrich, Germany

Nonidet P-40

Sigma, Germany

Orange G Sigma-Aldrich, Germany
Peptone from casein Sigma-Aldrich, Germany
Ponceau S Sigma-Aldrich, Germany
Pyridoxin Duchefa Biochemie, Netherlands
SAVO Bochemie, Czech republic
Silwet L-77 Lehle seeds, USA

Sodium dodecyl sulphate (SDS) Duchefa Biochemie, Netherlands
Sucrosegrade Il Sigma-Aldrich, Germany
Thiamine Duchefa Biochemie, Netherlands

Trichloracetic acid (TCA)

Merck, Germany

Tris ultrapure

Duchefa Biochemie, Netherlands

Tween 20

Serva, Germany

Yeast extract

Sigma-Aldrich, Germany
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3.1.6. Commercial kits for molecular biology

2D Quant Kit (GE Healthcare, USA): determination of protein camtcation
GeneJet Plasmid Miniprep Kit (Fermentas, UK): isolation of plasmid DNA from
bacteria

ImProm-1I™ Reverse Transcription System (Promega, USA): RT-PCR
NucleoSpinExtract Il (Machery-Nagel, Germany): extraction of DNA froml g
pCR®8/GW/TOPO® TA Cloning® Kit (Invitrogen, USA): TOP® Cloning
pENTR™/D-TOPO® Cloning Kit (Invitrogen, USA): TOP® Cloning

RNeasy Plant Mini Kit (Qiagen,Valencia, CA): RNA isolation

3.2. General laboratory equipment used

Centrifuge 5430 R Eppendorf, Germany
Centrifuge MiniSpin plus Eppendorf, Germany
Documentation system G:Box Syngene, UK

E-centrifuge Wealtec,USA

Elecroporator E.coli pulser nodel 1652102 Bio-Rad, USA

Incubator and Shaker Edmund Buchler GmbH., Germany
Incubator INP 200 Memmert, Germany

Incubator Stabilitherm™, USA

Master Cycler Gradient Eppendorf, Germany

NanoDrop 1000 Spectrophotometer Thermo scientific, USA

pH metr InoLab WTW, Germany

Power pack 3000 Bio-Rad, USA

Refrigerated Incubator FTC 90I Velp Scientifica, Italy
ShockPod" Cuvette Chamber Bio-Rad, USA

Silamat S5 Triturator Vivadent, Liechtenstein
Spectrophotometer Thermo electron, USA
Standard Power Pack P 25 Biometra, Germany
Thermomixer Comfort Eppendorf, Germany
Thermoblock Cooling&Heating Block Bioer, China

Ultracentrifuge Beckman L8-70M Beckman, USA

Vortex Classic Velp Scientifica, Italy

Water Bath GFL 1002 Scientific Instrument Centre, UK
Water Shaker GFL 1092 Scientific Instrument Centre, UK
Xp cycler Bioer, China

3.3. Computational programmes and databases

» Sequence source:

National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
The CYP P450 Engineering Databasénhttp://www.cyped.uni-stuttgart.de/)
P450 Databaséhttp://drnelson.uthsc.edu/cytochromeP450.html)

» Sequence analysis and in vitro cloning:

Vector NTI Suite 9.0.0(Invitrogen, USA)

Sequence Manipulation Suitghttp://www.bioinformatics.org/sms2/)
Chromas Lite 2.01(http://www.technelysium.com.au/chromas.html)
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3.4. Methods and procedures

3.4.1. Outline of the approach used

To identify isoflavone synthase genes in the setbécton-leguminous plants
(Tab. 3.1.), a PCR-based strategy was used (Flg). #fter the collection of plant
material, genomic DNA was extracted; PCR with degate and non-degenerate
primers was carried out; amplified fragments wereised from the agarose gel; in the
case of the degenerate primers, the fragments wlered into the pGEfT Easy
vector; finally, sequencing and sequence analysig \werformed.

To conduct a pilot functional study with IFS (CYRRB) fromPisum sativum
L., IFS was first identified with theaCYP93C18&specific primers; the gene was then
cloned using Gatewdy Technology and used for the transformationAcébidopsis
thaliana (Col-0) by Agrobacterium.Subsequently, théFS gene wasover-expressed
under the activity of CaMV35S promoter. The correxpression ofFS was verified at
four levels (Fig. 3.2.). A similar procedure withdifferent destination vector was

undertaken for the IFS intracellular localizatiarvivo.

Collection of
plant material
(fresh leaves)

‘ DNA isolation from ‘ ‘

fresh leaves of

Pisum sativum L Cloning into pGWB2 Cloning into pGWB5
DNA isolation destination vector destination vector
PCR with Transf tion of Transf tion of
PCR with PCR with CYP93C18-specific ransformation o ransformation of
degenerate non-degenerate primers Agrobacterium Agrobacterium

prIers P’Ie’s ‘ ‘ ‘

Excision of
fragment from gel

Transformation

Transformation
of Nicotiana

of Arabidopsis

‘ {

Excision of
fragment from gel

IFS from gel

| Excision of

|

Cloning into | =
pGEM vector

|

Sequencing

|

Sequencing and
TOPOP® cloning

Verification of correct
function of IFS at four
levels (DNA, RNA,
protein, metabolites)

Localization of IFS
observed using
confocal
microscopy

Fig. 3.1.Strategy for
non-leguminous plants.

Fig. 3.2.Strategy for pilot study with=S from Pisum
sativumL. (CYP93C18).
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3.4.2. Genomic DNA extraction

Genomic DNA from 100 mg of young leaves from thanps specified in 2.1.1.
and from 100 mg of pulverized embryos Bachyrhizus tuberozuygéam.) Spreng. was
extracted following the standard CTAB DNA extraatiprotocol (adapted from Weigel
and Glazebrogk2002). Fresh planmhaterial was placed in 1.5 ml microcentrifuge tubes
and frozen immediately in liquid nitrogen. The tisswas homogenised by intensive
shaking with glass beads using Silamat S5 or bydgrg in a frozen mortar with a
pestle. It was then dissolved in 250 ul CTAB eximac buffer and incubated at room
temperature for 20 min. Further, 250 ul of a chionm:isoamyl alcohol mixture (24:1)
was added, and the two phases — aqueous and orgaeie subsequently separated by
centrifugation for 10 min at 13 000 rpm. The uppgueous phase was transferred into
a new microcentrifuge tube containing 140 pl oprepanol and spun down for 7 min
at 13000 rpm. The supernatant was discarded. Thet pas washed with 1 ml of 70%
ethanol and centrifuged for an additional 7 minuteghanol was then removed by
means of a water vacuum pump and its residues esaporated in a thermostat at
55°C. The dried pellet was dissolved in 50 pl afilble-distilled HO and incubated for
5 min at 55°C. The final concentration of extracBddA was measured by means of a

spectrophotometer NanoDrop, and samples were str@@°C.

» CTAB extraction buffer: 1.4M NaCl, 20 mM EDTA, 100 mM Tris (pH 8), 3%
CTAB

3.4.3.1dentification of isoflavone synthase gendkS)
3.4.3.1. Primers design

(1) Pisum sativumL.: CYP93C18specific primers (Fig. 3.3.) were designed on the
basis of the 1575-bp lo@YP93C1&equence (Coopet al, 2005) from the GenBank
(NCBI). It was expected that the length of the afigal sequence would somewhat

exceed 1575 bp, due to the presence of an intron.

Forward: 5- CACATGTTGGTTGAACTTGCACTTGCTT-3

(CACC for TOPJ cloning)

Reverse 15°- TTAAGAGGAAAGCAATTTAGCTGCT-3

(used for stable expression)

Reverse 25"- TGAAGAGGAAAGCAATTTAGCTGCT-3

(stop codon TAA replaced by GCA coding alanine dufee transient expression)
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TTAAGAGGAAAGCAATTTAGCTGCT
r[ CACCATGTTGGTTGAACTTGCACTTGCTT ] TGCAGAGGAAAGCAATTTAGCTGCT

- ex]1 in ex2 -
-]

CYP93C18
+1 903 291 1662

Fig. 3.3 CYP93C18specific primers employed (in — intron, ex — exon)

(2) Phaseolus vulgarid.. and Pachyrhizus tuberosugLam.) Spreng.: Consensual
primers were designed on the basis of multiplenatignt of 30 knownFS sequences
(primers constitute the first and last 26 nuclesgidfIFS).

Forward: 5" -ATGTTGCTGGAACTTGCACTTGGTTT-3
Reverse 5 -TTAAGAAAGGAGTTTAGATGCAACGC-3’

(3) All non-leguminous species Degenerate primers and their non-degenerate
(consensual) versions were designed through a CA@EHIgorithm on the basis of
highly conservative regions (Fig. 3.4.). The expdctength of the fragments to be
obtained was ca. 1000 bp.

Forward:
degenerate 5- RAKWAKWGATEAGAAGTGTTGCCATTCC-3’
non-degenerate 5- AATAAGAGATRAGAAGTGTTGCCATTCC-3
Reverse
degenerate 5- YGAYCCTRTCRTGAAAGGGTCATCAAGAA-3’
non-degenerate 5- CGACCCTGTCGGAAAGGGTCATCAAGAA-3’

AATAAGAGATGCAAGAAGTGTTGCCATTCC non-dege CGACCCTGTCGTTGAAAGGGTCATCAAGAA non-dege
RAKWAKWGATGMAAGAAGTGTTGCCATTCC dege YGAYCCTRTCRTTGAAAGGGTCATCAAGAA dege
ex] » in ex2 ¢
CYP93Cis8
+1 903 991 1662

Fig. 3.4 Forward and reverse degenerate and non-degepeiaers employed (for clarity
shown for the example &@YP93C18in — intron, ex — exon).

The primers were synthetised by Sigma-Aldrich (Garg) or Genery Biotech (Czech
Republic) and diluted iddH,O to achieve a concentration of 100 mM.

3.4.3.2. Polymerase chain reaction (PCR)

To identify IFS in the chosen plant species, PCR was carriedroaach case
with the respective primers and Taq DNA polymer@derci, Czech Republic). In the
case ofCYP93C18 Phusion high fidelity DNA polymerase (Finnzymé&#land) was

used for the gene identification and amplificatias it produces blunt-end PCR
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products and its error rate is 50-fold lower thhattof Taq polymerase. The optimal
annealing temperatures of the primers were detesnexperimentally, using a wide

gradient of temperatures.

The PCR mixtures consisted of:

TAQ DNA POLYMERASE PHUSION HIGH FIDELITY DNA POLYMERASE
Component Volume | Component Volume
10x Taq polymerase Buffer 2.5 ul 5x Phusion HF Buffer 5yl
MgCl: (5 mM) 1ul MgCl2 (5 mM) 1yl
dNTP mix (10 mM) 0.5 ul dNTP mix (10 mM) 0.5 ul
Primer F (20 mM) T ul Primer F (20 mM) 1yl
Primer R (20 mM) 1 pl Primer R (20 mM) 1l
DNA template (ca. 100 ng/ulL) 1 pl DNA template (ca. 100 ng/ulL) 1l
Taq DNA polymerase 0.25 ul Phusion DNA polymerase 0.3 ul
ddH20 17.75 yl | ddH20 15.2 ul
Final volume 25 ul Final volume 25 ul

The reaction mixtures were distributed over the RiI&e, covered with aluminium

sealing foil and placed into the PCR thermocycler.
The PCR conditions were as follows:

TAQ DNA POLYMERASE = PHUSION DNA POLYMERASE

Step Conditions Conditions

Initial denaturation  94°C/7 min 98°C/30s

Denaturation 94°C/30 s 98°C/10s

Annealing* gradient of 50-65°C/30s | 58°C + 3°C/30s 35 cycles
Extension 72°C/1 min 72°C/40s

Final extension 72°C/10 min 72°C/10 min

* For the purposes of verification of the preseat€YP93C18&luring the cloning process and
in other confirmatory PCRs, the amplification okthene was accomplished by Taq DNA
polymerase at the determined optimal annealing ¢eatpre of 58.3°C and with time of
extension 1.5 min.

3.4.3.3. Horizontal agarose gel electrophoresis

Agarose gel electrophoresis was used in order parage and visualize PCR
products and for the excision and isolation of gémagments/genes of the desired
length from the gel. 1% agarose gel was boiled mi@owave and once it was cooled
to 55°C, ethidium bromide was added to a final emi@ation 0.1 pg/ml. After
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solidification in a casting tray with a comb, thel gvas submerged in 1x TAE buffer,
and PCR mixtures with a loading buffer (12% v/nyda molecular marker were loaded
into the wells. The applied voltage was 80V or M,0lepending on the size of the
electrophoretic apparatus. After ca. 45 min, DNAndm were visualized by UV
transilluminator and photographed using the docuatiem system G:Box (Syngene).
All PCR products of interest were excised from g and purified by NucleoSpin

Extract Il kit, according to its manual.

* 50x TAE: 24.2% (w/v) Tris, 10% (v/v), 0.5 M EDTA (pH 8), 34/(v/v) CH;COOH

» Agarose gel 1% (w/v) agarose diluted in 1x TAE buffer with 1@/mlethidium
bromide

* Loading buffer for ELFO: 0.7% (w/v)Orange G, 0.14 M EDTA (pH 8), 60% (v/v)
glycerol

* DNA molecular marker: 1 ul GeneRuler™ 1 kb and 100 bp DNA Ladder
(Fermentas, USA) mixed with 1 pl loading buffer afissolved in 4 pl ddkO

3.4.3.4. DNA sequencing

All sequencing reactions were performed in the lkatowy of DNA Sequencing,
Faculty of Science, Charles University in Praguéhwhe exception ofPhaseolus
vulgaris L. and Pachyrhizus tuberozuf_.am.) Spreng., of which the complelieSs

were sequenced in the Centre of DNA Sequencingiutesof Microbiology AS CR.

3.4.4. Cloning of fragments obtained with degeneratprimers

As the amplification using degenerate primers ugugields multiple PCR
products, false priming is commonly observed whendbtained fragments are directly
sequenced (Williams and Kane, 1993). Thereforeh $tagments must be cloned into
an appropriate vector and sequenced with suitadtéereal vector-specific primers. PCR
fragments obtained from examined non-leguminousispewith degenerate primers,

were cloned into pGERT Easy Vector (Promega, USA; Fig. 3.5.).
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Reaction mixture 141

Component Volume

PCR product 3.5 ul
2x Rapid Ligation Buffer 5yl
PGEM-T Easy Vector (50 ng) 0.5 ul
T4 DNA ligase 1 ul
Final volume 10 pl

The reaction mixture was incubated overnight°C.

Transformation of competent ce

Chemical transformation of competent cells wasqveréd. 25ul of One Shot
TOP10 cellsvere added to ul of the reaction mixture and inbated for 30 min on ici
The cells werghen heat shocked for 45 s 42°C and immediately plungedto ice.
Two minutes later200 ul of S.O0.C. medium were added and the tubes wenkes
horizontally at 250 rpm for 1 hour at 37°C. Thels were subsequently spread c the
seletive plate with LB agé¢ containing100 pg/ml ampicilin andover whose surface
100puL IPTG and 2QuL X-Gal (for blue-white selectiorf)ad been smear. The plates
were ircubated overnight at 37°(Typically, tens of white ah blue colonies appeare
Several ofthe white colonie (presumably correctlyransformed) were examined
colony PCR with the degenerate primers and p¢-T Easy Vectc-specific F (5°-
TTTCACACAGGAAACAGCTATGA-3") and R (5-ACGGCCAGTGAATTGTA-
ATACG-3") primers.The PCR mixture andonditions were the same as at, with the
following exceptions: the DNA template werepresented byraces of the colony, and
initial denaturatio and denaturation steps were performe 96°C. The succsfully-
transformed colonies were inoculated int ml LB broth containing 100ug/ml
ampicilin and shake (250 rpm) at 37°C overnight. The plasnidNA was isolated by
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the Geneldet Plasmid Miniprep Kit according to thanofacturer’s instructions,
quantified, and sequenced with vector-specific prsn

* IPTG stock solution (0.1M):1.2 g IPTG in 50 ml ddpD; stored at 4°C
» X-Gal: 100 mg in 2 ml N,N"-dimethylformamide; stored ad*€, covered with

aluminium foil

3.4.5. Cloning of putativelFS genes fromPhaseolus vulgarid.. and Pachyrhizus
tuberosug(Lam.) Spreng.

These two leguminous species were originally usegasitive controls during
the identification ofIFS in the chosen non-leguminous species. However,|FSe
sequences of both plants have not yet been ideshtiihe appropriate PCR products
were thus cloned in order to get the complete gepes sequencingds the outcome
of cloning procedures tends to be somewhat unpgedde; the PCR product from
Pachyrhizuswas successfully cloned into pGEM-T Easy Vectasing the same
protocol described in section 3.4.4., whereas lbeirtg of those fronPhaseoludailed
repeatedly. For this reason, pBRGW/TOPC (Fig. 3.6.) was chosen for TA cloning*
of the PCR product frorRhaseolus

Reaction mixture

Component Volume
PCR product excised from gel 1l
Salt solution provided within the kit 0.5 ul
pPCR®8/GW/TOPO® provided within the kit 0.5 ul
ddH20 1 ul
Final volume 3 ul

The reaction mixture was incubated at room tempegdbr 10 min.

All the subsequent transformational steps weratidal to those described in
section 3.4.4., with the following exceptions: geection antibiotic was spectinomycin
(100 pg/ml); neither IPTG nor X-Gal were applied; thenpeirs used for control PCR
and sequencing were TOP®ector-specific M13 F (5"-GTAAAACGACGGCCAGT-
3") and R (5"AACAGCTATGACCATG-3") primers.

*Qur effort to obtain the gene by Phusion proofiegdoolymerase failed persistently, in contrasthwit
those when Taq polymerase was used. In these citanges we had to make do with the PCR products
amplified by the latter. As this polymerase produéeoverhangs of the amplicons, TA cloning haddo b
carried out.

40



Fig. 3.6 pCR’8/GW/TOPC
Vector used for TA cloning of
PCR product fromPhaseolus
vulgaris L. (adapted from
Invitrogen’s manual).

pCR®8/GW/TOPO®

3.4.6. Cloning and over-expression a€YP93C18using Gateway" Technology

Gateway" Technology (U.S. Patent 5,888,732, Life Technasginc.,
Invitrogen, USA) is a universal methodology for milog PCR products and protein
expression. It comprises three main successive:step
(1) TOPC cloning of the PCR product into an entry vectorgénerate aantry clone.

(2) LR recombination between the entry clone anstidation vector, to generate an
expression clone.
(3) Introduction of the expession clone into th@rapriate host and expression of the

recombinant protein.
3.4.6.1. Directional TOPC cloning of CYP93C18

Full-length and stop-codon-missinQYP93C18(both including an intron
between positions 903 and 991) were cloned inteettiey vector pENTR'/D-TOPT
(Invitrogen, USA). Both sequences carried four &xiucleotides CACC at the 5'end
complemetary to GTGG overhang in the pENY®-TOPC® (Fig. 3.7.) and had a
blunt 3"end.

----CCCTT CACC ATG --- - - TAA AAG —-
--GGGAAGTIGG  GTGG TAC --- - - ATT , TTC -
Y
Overhang l CYP93C18
---CCCTT CACC ATG --- --- --- TAA AAG ---
~-~-GGGAAGTGG  TAC --- --- --- ATT TTC ---
<&
G

Fig. 3.7 TOPC cloning principle (adapted from product manual).
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The TOPG cloning reactiomwas performed according to the kit manual, as Vesto

Reaction mixture

Component Volume
CYP93C18 excised from gel Tl
Salt solution provided within the kit 0.5yl
PENTR™/D-TOPO® provided within the kit 0.5yl
ddH20 1 ul
Final volume 3ul

The reaction mixture was incubated at room tempegdbr 10 min.

Transformation of competent cells 1

Chemical transformation of competent cells wasgpered. 25ul of One
Shof® TOP10 were added to}8 of the reaction mixture and incubated for 30 ram
ice. Then the cells were heat shocked for 45 24 4nd immediately tranferred to ice.
200ul of the S.O.C. medium were added and the tubes slgaken horizontally at 250
rpm for 1 hour at 37°C. The cells were subsequespttgad over the selective plate with
LB agar and 5Qug/ml kanamycin, and incubated overnight at 37°CaiAgtens of
white colonies appeared. Some of them were randachlysen for colony PCR
verification with CYP93C18&specific primers and Taq DNA polymerase (the PCR
mixture and conditions were the same as indicabedey with these exceptions: DNA
template — the trash of the colony, initial denatien and denaturation steps — 96°C).
The successfully transformed colonies were inoedlanto 5 ml LB broth containing
50 ug/ml kanamycin, and shaken (250 rpm) at 37°C ogéaitniEntry clones, i.e. the
TOPC vector with the gene of interest inserted, weotaigd from the competent cells
by GeneJet Plasmid Miniprep Kit, according to thenofaturer’s instructions. For long-
term storage, 70@l of the bacterial culture were mixed with 3@0 of 50% (v/v)
glycerol in a cryovial and deposited at -80°C. Hueguired entry clones were analysed
by PCR withCYP93C18specific primers and TOPOvector-specific primers M13F
(5"-GTAAAACGACGGCCAGT-3") and M13R (5"-AACAGCTATGACATG-3),
under the same conditions as indicated in 3.4a&bPve (Taq polymerase, annealing
temperature of 58.3°C).
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3.4.6.2. LR recombination reaction

To obtain an expression clone, LR recombinatiors vp&rformed, using
Gateway LR clonas& Il enzyme mix (Invitrogen, USA). In this stef,YP93C18
(with and without stop codonipserted into the TOPDvector, was subcloned into the
destination vector. LR Clonase recognized the rédoation sites attL1l and attL2,
which flank our gene of interest in the entry clooet the gene off and ligated it into
the destination vector, thus replacing the gategasgete attR1-ccdB-attR2. By way of
destination binary vectors, pGWB2 and pGWB5 (oldinfrom Dr. Nakagawa,
Shimane University, Japan) were employed for stedodel transient expressions,
respectively. These vectors contained the CaMV3a#pter upstream of the cloning
site, kanamycin- and hygromycine-resistance gendsia the case of pGWBS5, the C-
sGFP tag (Fig. 3.8.; Nakagawaal, 2007).

pGWB2

958 cogl
RB| MosP:NPTII Crrv -l]—[l. MosT el 1H2368 WiE
attR1 attR2
PGWB5 388 codB
RB| NosP:NPTI --u—(-‘m' -[I—I]- tag sGFP HVesTh— 1dH-558 HLE
attit attifig

Fig. 3.8.Gateway binary vectors pGWB2 and pGWB5 (adaptewh ilNakagawat al, 2007).

Before performing the LR reaction, the pGWB2 and\#5 vectors were linearised by
digestion with Xhol (the Xhol site is unique in thectors, situated as it is downstream
of the attR1). The restriction reaction consistéddd pl Xhol (Fermentas, USA), il

1x buffer R (Fermentas, USA), 2,4 pGWB2/5, 6.2ul ddH,O. The reaction was
incubated for 2 hours at 37°C.

LR reaction mixture

Component Volume
Entry clone (gene + / - stop codon) Tl
Destination vector (pGWB2/pGWB5) 2yl
TE buffer 1l
Gateway® LR clonase™ Il enzyme mix 1yl
Final volume Sul

* TE buffer: 10 mM Tris, 1 mM EDTA; pH 7.5
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The reaction mixture was incubated at room tempegapvernight. To terminate the
reaction, 2ul of proteinase K (Invitrogen, USA) were added aadples incubated for
10 min at 37°C.

Transformation of competent cells 2

Chemical transformation of competent cells wadgpered. 25ul of Alpha
Select Gold Efficiency were added topb of the reaction mixture. The procedure
(including long-term storage) continued as alreddgcribed undefransformation 1
above, except for the fact that LB plates and sylsetly LB broth contained 50g/ml
kanamycin and 5@g/ml hygromycin, as selection antibiotics. Bothtbé acquired
expression clones were analysed by PCR @i93C18specific primers and pGWB
vectors-specific primers pGWBF and (5-TCATTTCATTGAGAGAACACG -37)
and pGWBR (5"-CCACTTTGTACAAGAAAGCTGG-3"), under treame conditions
as indicated in 3.4.3.2. above (Taqg polymeraseg@imy temperature of 58.3°C).

3.4.6.3.Transformation of Agrobacterium tumaefaciens

The expression clones obtained were introduced igrobacterium
tumaefacienstrain GV3101 by electroporation.ul of pGWB2::IFS and pGWB5::IFS
was mixed with 5Qul of Agrobacteriumin a sterile electroporation cuvette. This was
then placed in an electroporator and a voltage®k¥ was applied. 800l of LB broth
were added immediately, and in each case the eplutias transferred to a 1.5 ml
microcentrifuge tube and incubated for 2 hours8tC2 200ul cultures were spread on
YEB-plates containing 50 pg/ml kanamycin, 50 pg/mjgromycin, 50 pg/mi
gentamycin and 100 pg/ml rifampicin and incubateeroight at 28°C, covered in
aluminium foil. The following day, colony PCR warformed (under conditions
specified in 3.4.3.2. above). For long-term stora@®ul of the Agrobacteriumculture
in YEB medium containing the above-mentioned aatibs, were mixed with 300l of

50% (v/v) glycerol in a cryovial, and deposited&Q°C.

3.4.7. Stable expression of CYP93C18

3.4.7.1. Transformation ofArabidopsisthaliana

To obtain stable transformants d@frabidopsis over-expressingCYP93C18
pGWB2::IFS expression clones were introduced \aéasformedAgrobacteriuminto
Arabidopsisflower buds, using the floral dip method (CloughdaBent, 1998). A
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colony of Agrobacteriumwith a confirmed presence GfYP93C18wvas inoculated into
150 pl of YEB medium containing 50 pg/ml kanamycin, 59 {ml hygromycin, 50
png/ml gentamycin and 100 pg/ml rifampicin, and sim&vernight at 28°C. The culture
was then centrifuged in Beckman centrifuge tub&® (@l) for 20 min at 4,500 rpm at
4°C in the Beckman centrifuge. Pelleted cells weseispended in a mixture of sucrose
(10% w/v) and Silwet L-77 (0.05% v/v) to reach gBfrom 1.0 to 1.5 (measured by
spectrophotometer Thermo electron). Flower bud®ight Arabidopsisplants were
dipped for several seconds in 2@0of the resulting solution, with gentle agitatiorhe
transformed plants were covered in plastic bagspackd in the dark overnight. The
following day, the plants were transferred intoravgh chamber. The procedure was

repeated with the same plants five days later.

3.4.7.2. Selection of transformants

2-3 weeks after transformation, the seeds of tlamsformed plants were
harvested and surface-sterilized. The sterilizapomcedure comprised the following
steps: (1) placing the seeds in the freezer ovetni) shaking the seeds in 70%
ethanol for 5 min, (3) discarding the supernantard shaking the seeds in 10% (v/v)
SAVO with 0.1% (v/v) nonidet for 20 min, and (4)sdarding the supernatant and
washing the seeds 5 times in gdH About 2000 such sterilized seeds were seleated o
MS-plates containing 50 pg/ml hygromycin and caited at 21°C with a 16-hour
photoperiod. The hygromycin-resistant four-leafddiegs were transferred into Jiffy
peat pots (Jiffy Products (N.B.) Ltd., New Brunshkyjicallowed to grow at 21°C with a
16-hour photoperiod and later analysed. The sareetgm: procedure was repeated

over 2 generations to obtain homozygous transfotsnan

3.4.7.3. Analysis of transgeniérabidopsis thaliana
At all the analytical levels described below, theme procedures were also
carried out withPisum sativumL. and with wild-typeArabidopsis as positive and

negative controls, respectively.

3.4.7.3.1. Level 1: DNA
DNA was extracted from 100 mg of leaves of 10 TH &9 T2 randomly-
selected transformants, as described in 3.4.2 alaowkcontrol PCR, witYP93C18

specific primers and Taq polymerase under stanctanditions, was carried out.
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3.4.7.3.2. Level 2: RNA

Total RNA was extracted from 100 mg of the leavésndividual plants in
which the presence ¢FS gene was confirmed, using RNeasy Plant Mini Kite RNA
concentration was measured by NanoDrop. RT-PCR thexs performed, using the
ImProm-1II™ Reverse Transcription System (Promeg&A)) according to the
manufacturer’s instructions. The denaturation reachixture consisted of RNA (up to
1 pg/reaction), lul oligo (dT)s and nuclease-free water, to achieve a final volofre
ul. This mixture was incubated at 70 °C for 5 mimmediately chilled on ice (for 10
min) and added to the RT-PCR reaction.

RT-PCR reaction mixture

Component Volume
5x ImProm-II™ 5x reaction buffer 4 ul
MgCl: 4yl
dNTP mix 1l
Recombinant Rnasin® Ribonuclese inhibitor Tl
ImProm-1I™ Reverse Transcriptase 1l
Nuclease-Free H20 4 ul
Final volume 15 ul

RT-PCR reaction

Step Conditions
Annealing 25°C/5 min
Extension 42°C/1 hour
Inactivation 70°C/15 min

The final PCR amplification was carried out witty P93C18specific primers and Taq
polymerase under standard conditions (as above).

3.4.7.3.3. Level 3: Proteins

Protein Extraction. Total protein was first extracted in accordancehwiite procedure

due to Wanget al. (2006), from 100 mg of leaves from confirmed IF&isgenic
Arabidopsis.In brief, (1) plant material was ground in a morw@ith a pestle, (2)
washed with 10% TCA/acetone, (3) washed with 80%hareol with 0.1 M ammonium
acetate, (4) washed with 80% acetone, and (5)read-cdvernight; (6) proteins were
extracted using 1:1 phenol (pH 8)/SDS buffer anecipitated in 80% methanol with
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0.1 M ammonium acetate, (7) the pellet was washedd0% methanol and (8) in 80%
acetone, and (9) air-dried overnight. The extragiedeins were quantifed using the 2-

D Quant kit, according to the manufacturer’s protoc

» SDS buffer 30% (w/v) sucrose, 2% (w/v) SDS, 1.21 % (w/v) 3RBE% (v/v)

mercaptoethanol

Protein_Separation The extracted proteins were separated using 1DS-BAGE.

Sampleswere dissolved in the STM sample buffer, staineth wromphenol blue and
denaturated by boiling for 5 min. SDS-PAGE was tpherformed in 10% resolving and
4% stacking gels, using the Multigel-Long appargBi®metra, Germany). A voltage
of 80 V was applied for 1 hour (Bio-Rad Power p&£00), and 180 V were then
applied for a further 4 hours or so at 12.5°C.

* STM sample buffer. 2% (w/v) SDS, 6% (w/v) TRIS (pH 6.8), 0.1% (viglycerol,
5% (v/v) mercaptoethanol
* SDS-PAGE Molecular Weight StandardsBroad Rangé¢Bio-Rad, USA).

Western blotting and immunodetection The separated proteins were tranferred onto a

nitrocellulose membrane (Serva, Germany) usingBioeRad Mini Trans-Bldt Cell.
The transfer was conducted at 4°C, initially ovghiunder a voltage of 30 V, and at 60
V for an ensuing hour. The nitrocellulose membramege then reversibly stained with
Ponceau S, to control the transfer efficiency. Babsequent immunodetection, a
peptide sequence derived from a highly-conservaggeon of IFS was used to prepare
an IFS-specific antibody. Its epitop surface lazation was confirmed by means of
protein modelling in Modeller9v5 (Eswaet al, 2006). The peptide NH
DPKYWKRPLEFRPER (according to Yet al, 2000), conjugated with KLH (Davids
biotechnologie, Regensburg), was then used for ithemunization of a rabbit
(Department of Biological Control, Institute of Riglogy AS CR, Prague), according
to their immunization schedule. The immunodetectiwas performed with total
proteins on the nitrocellulose membranes and WHB kntibodies, 30 days after
immunization. The primary antibody was diluted 40 a TBST buffer with 5% non-
fat dry milk. The secondary Anti-rabbit Goat Ilg@Gngugated to alkaline phosphatase
(Sigma-Aldrich, Germany), was used in 1:15,000tdhlu in a TBST buffer with 1%
BSA. Detection of IFS was carried out by submergihg nitrocellulose membrane
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(Serva, Germany) in an AP buffer with 0.37 mM BG#Rd 0.37 mM NBT, and blue
bands were observed after the membrane dried.

* Ponceau S2% (w/v) Ponceau S dissolved in 3% (v/v) TCA
» TBST buffer: 0.242% (w/v) TRIS, 0.8% (w/v) NaCl, 0.05% (w/w&en 20
* AP buffer: 1.211% (w/v) TRIS, 0.584 (w/v) NaCl, 0.101 %(wMpCl, .6 H,O

3.4.7.3.4. Level 4: Metabolites

Measurements were carried out by Ing. Petra Mikdélk at the Department of
Chemistry of Natural Compounds at the Institut€bémical Technology in Prague.

Lyophilised shoots and dried seeds were ground.gOot the plant material,
together with 8 ml of 80% ethanol, were left for ddys at room temperature, with
occasional agitation. The extracts were then deged and filtered through a 17 mm,
0.45um PTFE syringe filter. 2.5 ml of extracts were drand then dissolved in 0.3 ml
of 40% methanol, for HPLC-ESI-MS analysihe HPLC-MS tandem consisted of a
Hewlett Packard (HP/Agilent Technologies, USA) 1HBLC seriesand a HP Mass
selective detector (G1946A), and was controllednisans of ChemStation software
(revision A 07.01). A LiChroCARY 125-4 mm HPLC-Cartridge with Prospf&TAR
RP-18 endcaped (5 um), was used as a column (M@ezknany). Mobile phases were
40% methanol (solvent A) and 100% methanol (sol8nboth with 0.5% acetic acid.
The following gradient was employed (all steps dine 0 min, 100:0 (A:B); 5 min,
80:20; 15 min, 55:45; 20 min 0:100; 23 min, 0:120;min, 100:00 and at 27 min stop
followed by 3 min post-run. The flow-rate was 0.Bmn, the temperature of the
column thermostat was set at 25°C and the injectiolnme was 20 pl. The mass
spectrometer was operating in the positive ESI mdddividual isoflavones were
identified by comparing their retention time) @nd molecular ions [M+H]with those

of standards.

3.4.8. Transient expression of CYP93C18

3.4.8.1. Transformation ofNicotiana benthamiana

In order to visualize IFS subcellular localizatip&GWB5::CYP93C18::GFP was
infused into theNicotiana benthamian&eaves through infiltration by syringe injection
with the inoculum of transformed\grobacterium (Li et al, 2009). Briefly, the
transformedAgrobacteriumwas inoculated into 5 ml YEB medium with appropeia
antibiotics (see 3.4.6.3.) and shaken at 28 °Croglket. The cultures were then spun
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down at 8000 rpm for 5 min. Pelleted cells werauspended with 1 ml infiltration
medium and briefly centrifuged. The pellet was sg&inded in the infiltration medium
to ODspo 0.1 and incubated for 1.5 hours in the dark abhrdemperature. The lower
epidermis of young leaves ®ficotiana benthamianavas gently grazed by a sterile
needle, and\grobacteriumsolution (500 pl per one leave) was injected byamseof a
syringe into the leaves. Transformed plants werkivated in the dark at room
temperature overnight and then moved to a growdmtler. As a positive control,
Agrobacterium strain C58C1 carrying the pBIN m-gfp5-ER plant din vector
(transformed culture obtained from Dr. Jan PetraieR ASCR), was used. It encodes
for the ER-localized GFP variant mGFP5-ER, a theobeocant derivative of mGFP4-
ER (Haseloffet al, 1997), and contains a C-terminal ER retentignai sequence
(HDEL). As a negative controlAgrobacteriumstrain GV3101 carrying pGWG5
without any insert (expression of free sGFP), wawpleyed. Both of the control

proteins were transiently expressedNigotianaleaves, using the same protocol.

* Infiltration medium : 10 mM MES, 10 mM MgGl 200 uM acetosyringon (200 mM
stock solution in DMSO)

3.4.8.2. Analysis of transgenidlicotiana bethamiana

Nicotiana plants were analysed 2-3 days after the transfioma The
Agrobacteriuminjection spots on thélicotiana leaves were excised and subjected to
immediate observation by means of confocal lasansiag microscopy (LSM Zeiss
5 Duo, Germany), using the confocal microscope with488 nm laser line of the ArKr

laser.

3.4.9. Modelling of CYP93C18

The CYP93C18 protein structure was modelled inabaltation with Ing. Roman
Pleskot from the Institute of Experimental Biolddy CR, Prague.

The appropriate templates for homology modellingtted CYP93C18 protein
structure were found using the Psipred threadiggrahm (Brysonet al., 2005). The
three-dimensional model was then generated ondbis bof the resulting alignment, by
means of Modeller9v5 (Eswat al, 2006). The Adaptive Poisson-Boltzmann Solver
(APBS) was used for the evaluation of the elecatostproperties of the modelled
structure (Bakeet al, 2001). Molecular graphics images were producethb UCSF
Chimera package, the University of California, $Faancisco (Pettersest al, 2004).
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4. RESULTS

4.1. Identification of isoflavone synthase gened=S)

On the basis of the extensive literature dealinghwihe detection of
isoflavonoids in various plant families, we selec®3 non-leguminous plant species
from 14 different families, from which 8 familiesene isoflavonoid producers and 6
were not (Tab. 4.1.; non-producing families markeith an asterisk; according to
Lapcik, 2007). Two control leguminous plants whose KB&juences are not in the
GenBank as yet Phaseolus vulgaris. andPachyrhizus tuberozud.am.) Spreng. —
were also examined, with a high probability of gresencef IFS.

4.1.1. Identification of IFS in the selected non-leguminous species

To identify thelFS orthologues, PCR was performed with degenerategosim
designed within the most conservative regions dised by multiple alignment of
knownIFSs (section 3.4.3.1.andwith the genomic DNA extracted from chosen plants.

In nine of the 33 plant species examined, no P@RIyct was obtained, even
though numerous optimizations attempts were madelu@ding repeated DNA
extraction, various concentrations of PCR companegtadient PCR etc.). In the
remaining species, PCR products of different lemg#ppeared and were further
investigated (Tab. 4.1.).

However, the subsequent procedures leading toesemg met with several
complications, ranging from failure during the dlop of the fragments into the
pGEM®- T Easy Vector, to erroneous sequencing with rmpsece being obtained. In
those instances where cloning failed persistemilye( species out of the remaining 24),
the fragment was sequenced with the non-degenesaseon of the degenerate primers
originally used, once control PCR with those nogefeerate primers had been carried
out.

Regrettably, a BLAST search (blastn suite 2.2.28dtschul et al, 1997)
undertaken after the obtained fragments were segdemnevealed that none of the PCR
products from non-leguminous species were homolegeith IFS genes from the

GenBank. What is even more peculiar is the fact thare than half of the acquired
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sequenceddisplayet no significant homology to angequence deposited the
GenBank. In contrastboth sequences amplified frofachyrhizu (900 bp) and
Phaseolus (750 bp) displayed a significant homolc to Glycine soji — IFS 1
(gb|EU39149p similarity 89%) andPueraria montana IF$gb|EU73711|; similarity
88%) respectively (Fig. 4.1. and Tab. 4. These results suggest the utility the
designed primers for the identification IFS orthologues in more species from
Fabaceae familjqut theprimers did not workvell in phylogeneticaly distant tax

44—
Fig. 4.1 Electrophoretogra of the

fragments fromPachyrhizus tuberos (A)
and Phaseolus vulgarig¢B), obtained afte
PCR with degenerate primers. Th
fragments werelater confirmed to b
homologous to knowiFS genes.

1000 bp

750 bp

An interesting result was achieved whCYP93C18&specific primers (see
section 4.2.) weresed with genomic DNA isolated frc Humulus lupulu andlris sp.
The lengths of the PCR products, 1700 bp and 1§00dspectively, were similar
those of the product from the control plPisum sativun{Fig. 4.2). However, upon
sequencing, thespromising results turned out to be misleading:sbquences wenot

homologous to anknownIFS genes (Tab. 4.1.).

-—

Fig. 4.2 Electrophoretogra of the
fragments from lris sp. (A), Humulus

2000 bp lupulus(B) and control planPisum sativum
1500 bp (C), obtained after PCR witCYP93C18
specific primersThe products (A) and (E
1000 bp were shownnot to be homologous to
750 bp hitherto knownIFS genes. In the case of
Pisum the sequence obtained was ¢
500 bp

homologous toIFS (CYP93C18) from
GenBank.
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Degenerate primers

Plant family Plant species PCR product length pGEM cloning Sequencing/primers Blast search (% max. identities)
Annonaceae* Annona cherimolia 1000 bp Yes Yes/pGEM No similarity found
Annona muricata 800 bp Yes Yes/pGEM Liiodendron tulipifera chloroplast genome; 85%
Cannabaceae Cannabis sativa X X X X
Humulus lupulus 1000 bp No Yes/non-dege No similarity found
700 bp No Yes/non-dege Vitis vinifera contig VV79X002481.3; 69%
Chenopodiaceae | Beta vulgaris 1000 bp Yes Yes/pGEM No sequence obtained
Ephedraceae* Ephedra sinica 750 bp No Yes/non-dege Nasturtium officinale chloroplast DNA; 76%
Erythroxylaceae Erythroxylon coca 1500 bp Yes Yes/pGEM No similarity found
1200 bp Yes Yes/pGEM Populus trichocarpa predicted protein; 75%
Iridaceae Iris sp. X X X X
Lamiaceae* Hyssopus officinalis 750 bp No Yes/non-dege Petunia integrifolia S-2 RNase and SLF2; 75%
Lamium album 1000 bp Yes Yes/pGEM No similarity found
Levandula angustifolia 1100 bp Yes Yes/pGEM No similarity found
800 bp Yes Yes/pGEM No similarity found
Mentha piperita X X X X
Ocimum basilicum 900 bp Yes Yes/pGEM Solanum lycopersicum (chromosome 8); 72%
Origanum vulgare 600 bp Yes Yes/pGEM No similarity found
Pogostemon cablin 1800 bp Yes Yes/pGEM No similarity found
800 bp Yes Yes/pGEM No similarity found
550 bp Yes Yes/pGEM Arabidopsis lyrata clone SINES transposon; 96%
Rosmarinus officinalis 1500 bp Yes Yes/pGEM No similarity found
Salvia officinalis 1000 bp No Yes/non-dege Lotus japonicus (chromosome 4); 68%
Scutellaria baicaliensis 750 bp No Yes/non-dege No sequence obtained
Thymus serpyllum X X X X
Thymus vulgaris X X X X

Tab. 4.1 Table of selected non-leguminous plants and cblegoaminous plants examined. Plant families nodpicing isoflavonoids are marked with an asterigk (
The table continues on the next page.
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Degenerate primers - continued

Plant family

Plant species

PCR product length

pPGEM cloning

Sequencing/primers

Blast search (% max. identities)

Lavraceae* Persea americana 800 bp Yes Yes/pGEM No similarity found
Pedaliaceae* Sesamum indicum 1100 bp Yes Yes/pGEM Nicotiana tabacum mitochondrial DNA; 87%
Ranunculaceae* | Heleborus niger X X X X
Rubiaceae Coffea arabica X X X X
Rutaceae Ruta graveolens 1500 bp No Yes/non-dege Helianthus petiolaris retrotransposon Ty3; 80%
Solanaceae Capsicum annuum 1000 bp Yes Yes/pGEM Solanum tuberosum (chromosome 11); 73%
Capsicum frutescens 1200 bp Yes Yes/pGEM No similarity found
Nicotiana rustica 1500 bp Yes Yes/pGEM Petunia integrifolia S-2 RNase and SLF2, 74%
700 bp Yes Yes/pGEM Solanum lycopersicum (chromosome 2); 68%
Physalis peruviana 1000 bp No Yes/non-dege No similarity found
Solanum lycopersicum 600 bp No Yes/non-dege Solanum lycopersicum (chromosome 8); 81%
Solanum muricatum X X X X
Solanum melongena 800 bp Yes Yes/pGEM No similarity found
_Lygophyllaceae | Tribulus terestris X X X X
Fabaceae Pachyrhizus tuberosus 900 bp No Yes/non-dege Glycine soja - Isoflavone synthase 1; 89%
(control) Phaseolus vulgaris 750 bp No Yes/non-dege Pueraria montana - Isoflavone synthase; 88%

CYP93C 18-specific primers

Plant family Plant species PCR product length pGEM cloning Sequencing/primers Blast search (% max. identities)
Cannabaceae Humulus lupulus 1700 bp Yes Yes/pGEM No similarity found
Iridaceae Iris sp. 1500 bp Yes Yes/pGEM Arabidopsis lyrata SINE8 transpozone; 94%
1400 bp Yes Yes/pGEM No similarity found
900 bp Yes Yes/pGEM Humulus lupulus microsatellite; 69%
500 bp Yes Yes/pGEM Arabidopsis lyrata Gypsy21 transposon; 99%
Fabaceae (control) |Pisum sativum 1700 bp Yes Yes/pGEM Isoflavone synthase (CYP93C18); 99%
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4.1.2. Identification of completelFS sequences fronPachyrhizu: and Phaseolus

Having obtainedthe partial IFS sequences fronPachyrhizustuberosusand
Phaseolus vulgarisas deailed in section 4.1.1. abovayr effort continued towards ti
objective of identifying their complelFS genes, which are hitherto unknov

Both abovementioned leguminous species are w&lown producers of
isoflavonoids. As reported,ive isoflavonoid phytoalexins phaseollin, phaseollidit
phaseollinisoflavan, coumestrol and kievitone (Gmmaanickam, 197%- and a further
8 isoflavonoids with pytoestrogenic activity —daidzein, glycitein, genisteil
formononetin, biochan A together with glycosides daidzin, glycitin and gbimi
(Nakamura, 2000} have been detected iRhaseolusvulgaris L. In the genera
Pachyrhizus relatively high levelsof the insecticidal isoflavonoids rotenone ¢
pachyrhizine hve been foun(Lackhan, 1994).

Using genomic DNA as a templ, PCR was performedith primers designed
on the basis of the consensual sequence derigedtfre alignment of knowlFSs(the
first and the last 26 nucleotides). The PCR praglo€ttheappropriate length (ca. 18I
bp) wee obtained in both cases (Fig. ). The putativdFS genes fronPhaseolusand
Pachyrhizuswere cloned into pCF®/GW/TOPC Vector and pGEIN®-T Easy Vector,
respectively. The cloned plasrs were isolated, PCRerified (Fig. 4.4.), and
sequenced from both- and 3"-ends with the appropriate veedpecific primers (M13

and pGEM, respectively

2000 bp

1500 bp

Fig. 4.4. Electrophoretogram confirmir
the presere of the right inserts ilisolated
plasmids. (A) Phaseolus wvulgar, (B)

Fig. 4.3. Electrophoretogra of PCR Pachyrhizus tuberos. (1) PCR products
products obtained from Phaseolus (*1800 bp) obtained with internal
vulgaris (A) Pachyrhizus tuberos (B), consensual primers, (2) PCR prodis
of the desired length of ca.1800 (>1800 bp)obtainedwith external vector-

specific primers.
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4.1.2.1. Characterization of IFS fromPhaseolus vulgarig..

The CDS of 1566 bp in length (without intron) aifiptl from Phaseolusvas
obtained upon sequencing and subsequent editingy 0gector NTI 9.0.0. BLAST
examination of the generated nucleotide sequenoeeshthe highest homology with
the isoflavone synthase 1 mRNA frovigna unguiculata(gb|EU616497|; Kaur and
Murphy, 2008, unpublished) with the E-value of artdl identities 1481/1566 (94.6%).
The genomic sequence contained a 294-bp introrh thié splice junction between
nucleotide positions 903 and 904 of the codingaredn silico translation resulted in a
protein sequence of 521 amino-acids. Accordingdlis sequence displayed the highest
homology to theVigna unguiculatalFS protein deduced from the above-mentioned
GenBank accession (Fig. 4.5.). The alignment paernevere as follows: E-value =
0.0; Identities = 489/521 (93.9%); Similarity = 38721 (97.3%). It must be noted that
the first and last four amino-acids of the sequeareederived from the primers used for

the original amplification.

Pvul MLLE [WABGLLVLALFLHLRPTPTAKSKALRHLPNPPSPKPRLPFIGHLHLLKDKLAHY60
Vuni MLLE (QEGLLVLALFLHLRPTPTAKSKALRHLPNPPSPKPRLPFIGHLHLLKDKLAHYG0

Pvul IDLSK [RGGPUESLYFGSMPTVVASSPELFKLFLQTHEAASFNTRFQTSAIRRLTYDNSY20
Vuni IDLSK  IINGPYYSLYFGSMPTVVASSPELFKLFLQTHEAASFNTRFQTSAIRRLTYDNSY20

Pvul MVPFGPY RKFIRKLIMNDLLNATTVNKLRPLRTEIRKFLKVMAQSINAQQPLNVTEELL 180
Vuni MVPFGPY|]KFIRKLIMNDLLNATTVNKLRPLRT@RKFLKVMAQS[BAQQPLNVTEELL 180

Pvul KWTNSTISMMMLGEAEEIRDIAH® IFGEYSLTNFIWPLNKL Y =EIFNKF 240
Vuni KWTNSTISMMMLGEAEEIRDIAIEVLNIFGEYSLTRFIWPLKKLKEGEYHYRIBJEIFNKF 240
Pvul DP [lIE RVIKKRREIJRRRKNGYWAEEQSGVFLDTLUSFAEDETMEIKITBEQIKGLVVD 300
Vuni DP YIE RVIKKRREIJRRRKNGRVEEEQSGVFLDTLEFAEDETMEIKITEEQIKGLVVD 300
Pvul FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRLWIDEQNLPYIRAIVK 360
Vuni FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRIWDEQNLPYIRAIVK 360

Pvul ETFRMHPPLPVVKRKCVEECHBGYVIPEGALILFNVWAVGRDPKNRPLEFRPERFLE 420
Vuni ETFRMHPPLPVVKRKCVEECHSGYVIPEGALILFNVWAVGRDPKBRPLEFRPERFLE 420

Pvul =AEGEAGPLDLRGQHFTLLPFGSGRRMCPGVNLATSGMATLLASVI SGQ 480
Vuni EAEGEAGPLDLRGQHFTLLPFGSGRRMCPGVNLATSGMATLLASVI ZGQ 480

Pvul ILKGNDAKVSMEEREGLTVPRAHNLECVPVARTSSHLLS* 521
Vuni ILKGNDAKVSMEERRGLTVPRAHNLECVPVARTIMALLS* 521

Fig. 4.5 ClustalW alignment of deduced amino-acid sequenédES fromPhaseolugPvul)
and Vigna (Vuni). The mismatched amino-acids which do not éhaimilar properties are
coloured in red; the mismatched amino-acids withilai properties are highlighted in blue.
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4.1.2.2. Characterization of IFS fromPachyrhizus tuberozuf_am.) Speng.

As in the previous case, the CDS of length 1560(Wiphout intron) from
Pachyrhizusvas established upon sequencing and subsequeingaasing Vector NTI
9.11. BLAST search of the obtained nucleotide segeiedisplayed the highest
homology to the isoflavone synthase mRNAleraria montanavar. lobata (gb|
AF462633|; Jeon and Kim, 2001, unpublished), whig E-value of 0.0 and identities
1405/1566 (89.7%). The sequence contained a 248thm, with the splice junction
between nucleotide positions 897 and 898 of thengotegion. The deducegrotein
sequence of 519 amino-acids showed the highest lbgmaowith the isoflavone
synthase 2 fromVigna unguiculata (gbJACC77197|; Kaur and Murphy, 2008,
unpublished) (Fig. 4.6.). The alignment parameteese as follows: E-value = 0.0;
Identity = 470/522 (90.0%); Similarity = 495/5224(8%); Gaps = 3. It must again be
noted that the first and last four amino-acidshef sequence gained are derived from

the primers used for the original amplification.

Ptub MLLE BMARGLEVLALFLHLRAZRPSAKSKALRHLPNPPSPKPRERSHLHLL{BIGLLHHSL 60
Vuni MLLE [BARGLUEVLELFLHLRAJPSAKSKALRHLPNPPSPKPRBISHLHLL[EBII LHHSL 60

Ptub | SLSORYGPLYSLYFGSMPTVVASTPELFKLFLQTRIERANTRFQTSAIKRLTNNSVA 120
Vuni | BLS[FRYGPLYSLYFGSMPTVVASTPELFKLFLQTREANTRFQTSAIKRLT[ENSVA 120

Ptub MVPFGPYWKFIRKLIMNDLLNATTVNKLRPIKSEIRKVLRVLAQSAEAQSLNVTEELL 180
Vuni MVPFGPYWKFIRKLIMNDLLNATTVNKLRPISFEIRKVLRVLAQSAEAQR NVTEELL 180

Ptub KWTNNTISMIMLGEAEEVREARHAVKIFGEYSLTDFIWPLKKLKF@YEKRIEEIFNKF 240
Vuni KWTNNTISMEMLGEAEEVHREARHJVKIFGEYSLTDFIWPLKKLKF{{YEKRIBEIFNKF 240

Ptub DP RIEKVIKKR [REIVRRRKNGEVVEG: FLDTLLEFAEDENEIKITKEQIKGLVVD 300
Vuni DP YIEKVIKKR @EIVRRRKNGEVVE(@SJJFLDTLLEFAEDEEIKITKEQIKGLVVD 300

Ptub FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRIZMENLPYIRAIVK 360
Vuni FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDR NLPYIRAIVK 360

Ptub ETFRMHPPLPVVKRKCVEEC VIPEGALILFNVWAVGRDPKYWBESEFRPERFLE 420
Vuni ETFRMHPPLPVVKRKCVEECH2GeVIPEGALILFNVWAVGRDPKYRPSEFRPERFLE 420

Ptub [--EG BVEPIDLRGQHFQLLPFGSGRRMCPGERTEGMAELASVIQCFDLQYGPQGQ 480
vuni [NGGE@VEPIDLRGQHFQLLPFGSGRRMCP GMALASVIQCFDLQWDPQGH 480

Ptub [JLKGNDAKVSME LTVPHSHSL PLAR SKLLS- 519
Vuni YLKGBDAKVSMEBRGLTVPHNHEL PLAY aKLLSP 522

Fig. 4.6 ClustalW alignment of deduced amino-acid sequentésS fromPachyrhizugPtub)
and Vigna (Vuni). The mismatched amino-acids which do noteéhaimilar properties are
coloured in red; the mismatched amino-acids withilar properties are highlighted in blue; the
3 gaps discovered are indicated in yellow.
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4.2. Pilot study with IFS (CYP93C18) fromPisum sativumL.

4.2.1. ldentification and isolation ofCYP93C18

For the purposes of the present work, we selectedad the two knowrFS
genes fromPisum sativuni. — CYP93C18 GenBank accesion no. AF532999 (Cooper
et al, 2005), subjected it to our methodical approactt were thus able to prove its
correct function — for the first time in the littwae. CYP93C18DNA (1575 bp) was
first discovered thanks to its up-regulation whema pods were treated with the insect
elicitor Bruchin B, and so named by Dr. David Nelson the basis of sequence
similarity to CYP93G that had been characterized by that time (Coepat, 2005).

On the basis of the knowYP93C18&equence, PCR was performed to identify
the gene in the genomic DNA extracted fr@isum sativuni. First, to determine the
optimal annealing temperatures, gradient PCR (dimgeemperatures 50-65°C) using
CYP93C18&specific primers (spanning the open reading frame adapted for TOPO
cloning) was performed. The optimal annealing terapge was determined to be
58.3°C (Fig. 4.7.) and was used in all followingpst. To obtain a sufficient amount of
the desired blunt-ended PCR product with and withstop codon, PCR with
appropriate primers and with Phusion DNA polymer@gseofreading polymerase) was
subsequently carried out. The bands acquired &#)) were excised from the gel after
electrophoresis, purified and cloned, with the afrperforming stable and transient
expression of the cloned gene in the model hostgla

The complete sequence obtained after TORMDNINg was 98.7% identical to
that published by Coopet al (2005), with the exception of 21 nucleotideshs 1662-
bp long DNA sequence. Moreover, the amplified geoatained an 87-bp intron
localized between nucleotides 903 and 991 (Fig).4T®ese differences resulted in the
divergence of nine amino-acids in the 524-bp loedwted protein (Fig. 4.10.). None of
the mismatches discovered were localized at thétigos essential for the catalytic
function of the protein (Sawada and Ayabe, 2008ye8 of the amino-acid mismatches
could be considered as unimportant due to the aiityilin the chemical properties of
the amino-acid pairs (Tyr99/143 instead of Ser98/14ys155/158 instead of
Arg155/158, Leul0 and lle163 instead of Met10/1&&165 instead of GIn165). In the
two remaining cases — Vall22 instead of Aspl122 @lyd 77 instead of Glul77 — the
mismatch could be potentially more serious, as ightn affect intramolecular

interactions in the folded protein and thus itsredr catalytic function. However, these
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misgivings were not fulfilled, as proved at the aixdlite level (as will be explaine

later).

2000 bp
1500 bp

IFS (1662 bp)—) —

1000 bp

Fig. 4.7 Electrophoretogram of CR products of the desired length~1700 bp obtained
usingCYP93C18specific primers (with stocodon) and Tag DNA polymerasehe gradient
of annealing temperatures was as follows: (1) 48,82) 50.2°( (3) 51.:°C, (4) 52.5°C, (5)
54.3°C, (6) 56.2°C, (7) 58.3°C, (8) 60.2°C, (9 °C, (10) 63.5°C, (11) 64.6°C, (12) 65.1
25 ul of PCR mixture with 3 pul loading buffer weleaded per lane. The optin
temperature wa®und to be thi7th of the gradient used (58.3°C).

2000 bp

IFs (1662bp) —> KA

1500 bp

1000 bp

Fig. 4.8 Electrophoretogram of PCR products of desired lengk-1700 bp obtained usit
CYP93C18&specific primers with (A) and without (B) STOP coda@and Phusion DN,
polymerase in both cases. The annealing temperaitir68.3°C (+3°C according !
Finzymes’s instrction) was applied. The concentration of the eedi®NA was ca. 60 nul
in both cases.
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Picman ATGTTGGTTGAACTTGCACTTGCT GTGATTGCTCTATTTATACACTTGCGTCCAACA BAATCAAAGGCACTTCGCCATCTTCCTA 100
Cooper ATGTTGGTTGAACTTGCACTTGCTTRAGGTGATTGCTCTATTTATACACTTGCGTCCAACA(@GCABAATCAAAGGCACTTCGCCATCTTCCTA 100

Picman ATCCACCATGTCCTAAA CTTCCTTHATTGGTCATCTTCATCTTTTGGATAATCCTCTTCTTCATCATTCTCTCGATITGGAGAACGTTA 200
Cooper ATCCACCATGTCCTAAACLCCGECTTCCTT@ATTGGTCATCTTCATCTTTTGGATAATCCTCTTCTTCATCATTCTCTGATITGGAGAACGTTA 200

Picman TGGCCCTTTGTACTCTCTTTACIYGGCTCCATGCCCACCATTGTTGTATCC KRTCTCTTCAAACTCTTCCTTCAAACTCATGAA T 300
Cooper TGGCCCTTTGTACTCTCTTTACTGGCTCCATGCCCACCATTGTTGTATCC RTCTCTTCAAACTCTTCCTTCAAACTCATG ST 300

Picman TTCAATACAAGGTTTCAAACCTCTGCTATCAGACGGTTAATIARAACTCCGTTGCAA CATTTGGACCTTACTGGAAGTTCATTAGAAAGC 400
Cooper TTCAATACAAGGTTTCAAACCTCTGCTATCAGACGGTTAAGIARAACTCCGTTGCAATHGCATTTGGACCTTACTGGAAGTTCATTAGAAAGC 400

Picman TCATCATGAATGAJCTCTTTAACGC(@CACCATCAACAAGTTGAGACCCTTGAG:H AATCCGCeGTTCTTAAGGTTAIGCTA GCGC 500
Cooper TCATCATGAATGASCTCTTTAACGC(EECACCATCAACAAGTTGAGACCCTTGAGEIAAATCCG(ELGTTCTTAAGGTTAEGCT8AEAGCGC 500

Picman TGAAACTCAAGAGCCACTTAATGTCAEBGACTTCTCAAGTGGACAAACAACACAATCTCTACAATGATGTTGGG TGASEXIGTTAGAGAT 600
Cooper TGAAACTCAAGAGCCACTTAATGTCA®G ECTTCTCAAGTGGACAAACAACACAATCTCTACAATGATGTTGGGTG%WGGTTAGAGAT 600

Picman ATTGCTCGTGATGTTCTTAAGATCTTTGGGGAATACAGTAGACTTCATTTGGCCTTTGAAGATGTTTAAGTTTGGGAACTATGASABTBAGO0
Cooper ATTGCTCGTGATGTTCTTAAGATCTTTGGGGAATACAGTAIGACTTCATTTGGCCTTTGAAGATGTTTAAGTTTGGGAACTATGAGABTAGOO

Picman AAGCCATTTTCAACAAATATGATCCTATCATTGAAAAAGTPAGAAAAGACAAGAGATTGTGAATAAAAGAAAAGAGAAAAAT GGATAWEANT 8O0
Cooper AAGCCATTTTCAACAAATATGATCCTATCATTGAAAAAGT PMNIGAAAAGACAAGAGATTGTGAATAAAAGAAAAGAGAAAAAT GGATAANG 800

Picman AAGTGAGCAAAGTGTAGTTTTTCTTGATACTTTGCTTGAATTOBAGATGAGACAATGGAGATCAAAATTACAAAGGAACAAATCAAGSE PCO
Cooper AAGTGAGCAAAGTGTAGTTTTTCTTGATACTTTGCTTGAATTCGAAGATGAGACAATGGAGATCAAAATTACAAAGGAACAAATCAA®S G BO0

Picman GTGGTGAGTTTCTTTTTCATCTAGTTGCTTTGTTATTATTATATAGATAATAATAAAAGATTGTCTTTCTCTCTCTATGATATGCAGGRITT...1000
Cooper GTG GATTT CTTCT...1000

Fig. 4.9.ClustalWalignment of the first 1000 nucleotides of our afidCooper’' SCYP93C18sequences, respectively. The remaining partsesfetlsequences were
100% identical. The 21 discovered mismatches dmiped in red; the 87 nucleotides long intron ighighted in yellow.

59



Picman MLVELALAL BVIALFIHLRPTPTAKSKALRHLPNPPCPKPRLPFIGHLHLLDNPLLHHRUGERYGPLYSLYFGSMPTIVVSTPDLFKLFLQTRIEA00
Cooper MLVELALAL |WVIALFIHLRPTPTAKSKALRHLPNPPCPKPRLPFIGHLHLLDNPLLHHRUGERYGPLYSLYFGSMPTIVVSTPDLFKLFLQTEEAOO

Picman FNTRFQTSAIRRLTYDNSVANPFGPYWKFIRKLIMNDLFNE INKLRPLRTREIR [WVLK SAETQEPLNVEELLKWTNNTISTMMLGEAEEVRD 200
Cooper FNTRFQTSAIRRLTYDNSVAIBPFGPYWKFIRKLIMNDLFNSY INKLRPLRTREIR [gVLKMYASSAETQEPLNVEELLKWTNNTISTMMLGEAEEVRD 200

Picman IARDVLKIFGEYSLTDFIWPLKMFKFGNYEKRTEAIFNKYDPIEKVIKKRQEIVNKRKEKNGEIQESEQSVVFLDTLLEFAQDETMEIKITKERV 300
Cooper IARDVLKIFGEYSLTDFIWPLKMFKFGNYEKRTEAIFNKYDPIEKVIKKRQEIVNKRKEKNGEIQESEQSVVFLDTLLEFAQDETMEIKITKRER.V 300

Picman VDFFSAGTDSTAVATEWTLAELINNPRVLKKAREEIDSVIGKDRLVDESDVQNLPY IREEMWFRMHABPVIRKCTEECEINGYVIPEGALVLFNVW 400
Cooper VDFFSAGTDETAVATEWTLAELINNPRVLKKAREEIDSVIGKDRLVDESDVQNLPY IR&WWFRMHARBPVVIRKCTEECEINGYVIPEGALVLFNVW 400

Picman AVGRDPKYWKRPLEFRPERFLENAGEGEAGSVDLRGQHFQEGHRMCPGVNLATAGMATLLASIIQCFDLQVPGPDGKILKGDDAKRBMKE 500
Cooper AVGRDPKYWKRPLEFRPERFLENAGEGEAGSVDLRGQHFGEGHRRMCPGVNLATAGMATLLASIIQCFDLQVPGPDGKILKGDDAKRAMKE 500

Picman VPRAQNLVCVPLARDGLAAKLLSS* 524
Cooper VPRAQNLVCVPLARDGLAAKLLSS* 524

Fig. 4.10 ClustalW alignment of deduced amino-acid sequeatesr and of Cooper’s CYP93C18, respectively. fiine discovered mismatches are coloured in
red; the three amino-acid residues essential fomaigration (Sawada and Ayabe, 2005) are highédhh blue.

60



4.2.2. TOP@ cloning of CYP93C18

According to the Gatewdycloning manual, both blunt-ended PCR products
with and without stop codon were separately intoedbinto pENTRY/D-TOPCP to
obtain the entry clones (Fig. 4.11as described in section 3.4.6. The following day
after heat shock transformationticoli TOP 10 competent cells, tens of white colonies
appeared on the selective plates with 50 pg/mlimgnm (Fig. 4.12.). The colony PCR
with randomly-chosen four colonies as DNA teplatel £YP93C18specific primers
were then carried out to confirm the presence efgine of interest (Fig. 4.13.). One of
the successfully-transformed colonies in both cases cultivated overnight and
PENTR/D-TOPO::IFRonstructs were isolated using GeneJET™ Plasmidpkéip Kit.
The concentration of the plasmids acquired wasraeted by means of NanoDrop to
be ca. 250 ng/ul in both cases. The final PCR with plasmids diluted to a
concentration of ca. 25 ng/ul, was then perforn@dP93C18specific primers were
used in order to verify thpresenceof the insert in the vector; cross combination of
CYP93C18specific primer Forward and primer M13 Reverse NPR/D-TOPO-
specific, 157 bp downstream from the insert) wasduso confirm thecorrect

orientation of the insert in the vector (Fig. 4.14.).

att2 MI3R

</
Kan(R)

IFS
PENTR/D-TOPO::IFS
4246 bp

attll ‘ /

M13F

Fig. 4.11 The entry clone with insertedYP93C1&IFS), which is the same in the case of
the insert with and without stop codon. The singdifschematic layout of the clone was
created according to the silico cloning generated by the Vector NTI Suite 9.0.0.
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—
Fig. 4.12 Selective plate with
well-spacedE.coli colonies carryin
the intoduced entry clon
(PENTR/D-TOPO:IFS+stop). The
plate was very similar in appearar
to those with colonies carryinlFS
—stop

2000 bp
1500 bp

1000 bp

Fig. 4.1% Electrophoretogram othe colony PCR productsonfirming the presence of
CYP93C18nsert (~1700 bp) in four seled colonies. (A)insert withstop codon, (B) insert
without stop codon. (4C) Colony number.

3000 bp
2500 bp

2000 bp

1500 bp

1000 bp

Fig. 4.14 Electrophoretogram confirming the presence andctimeect orientation of tt

insert in the isolated plasns. (A) Insert with stoodon, (B) insert withoustop codon. (1)
PCR product (~1700 bp) obtained usiCYP93C18specific primers, (2) PCR prodt
(~1900 bp) obtained usircross combination d€YP93C18specific primer F and M13, (3)

the isolated plasmidith the insertecCYP93C18tself (~3000 bp; 5ul with 3 ul of loading
buffer loaded per lane
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4.2.3. Construction ofCYP93C18expression clone for stable expression

In order to secure the stable expressio€¥P93C18with stop codon) under
CaMV35S promoter, LR recombination between relevantry clone (pENTR/D-
TOPO::IFS stop) and destination vector pGWB2 was performdue final construct
obtained (Fig. 4.15.) was introduced itlpha-Select Gold Efficiency competent cells.
As expected, dozens of white colonies appearecherselective plates containing 50
pg/ml kanamycin and 5Qg/ml hygromycin (Fig. 4.16.). As in the case of tg@t
4.2.2., colony PCR followed, with randomly-chosere fcolonies as DNA template and
CYP93C18specific primers (Fig. 4.17.). Two of the succeaBgftransformed colonies
were cultivated overnight and pGWB2::IFS construeése isolated using GeneJET™
Plasmid Miniprep Kit. The concentration of acquirpthsmids was determined by
means of NanoDrop as ca. 40 ng/ul. The control R@R the plasmids diluted to the
final concentration of ca. 20 ng/ul was then penfed. CYP93C18specific primers
were used in order to verify the presence of tlserinin the vector; cross combination
of CYP93Cl8specific Forward and pGWB2 Reverse (pGWB2-specift® bp
downstream from the insert) primers was used tdircorihe correct orientation of the

insert in the vector (Fig. 4.18.).

attB2

atfB] ] \
35S:Hyg (R)
358 »
) IFS

pGWB2::IFS = LB

17271bp
NOS:Kan (R)

/

RB

Fig. 4.15 The expression clone with insertgdYP93C18 (IFS+stod. The simplified
schematic layout of the expression clone was adeateording to that generatadsilico by
the Vector NTI Suite 9.0.0.

63



2000 bp
1500 bp

1000 bp

2000 bp
1500 bp

1000 bp
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Fig. 4.1¢. Selective plate wit well-
spacedAlphe-Select Gold colonies
carrying introduced expressi
clonepGWB2:IFS+stop. The plate
was very similar in appearance
those with colonies carryir
expression clone pGWBIFS —
stop.

—

Fig. 4.17 Electrophoretogram ¢
the mlony PCR products verifyin
the presence oCYP93Cl18insert
(~1700 bp) in five selected coloni
(1-50 Colony numbe

—

Fig. 4.18 Electrophoretogram
confirming the presence and |
correct orientation of the insert
the plasnds isolated from coloni
3C and 4Q1) PCR product (~17C
bp) obtained with CYP93C18
specific primers, (2) CR product
(>1700 bp) obtained with thcross
combination olCYP93C18&pecific
F and pGWB2 | primers (3) the
isolated plasmid with the insert
CYP93C18tself (~ 17,000 bp; ul
with 3 ul of loading buffer loade
per lane).



4.2.4.Construction of CYP93C18xpression clone for transient expressic

The procedureused was the same as thagscribed in section 43. The
destination vectopGWB5 was useto secure the IFS ovexxpression under CaMV3t
promoter ando enableC-terminal phusion ofFS —stop with GFP (Fig. 4.19.). The
colony PCR (Fig. 4.2(), plasmid isolation and the final cont®®CR (Fig. 4.27) were

carried out in the same manne previously described.

attB2
gfp
attBl
4_

355’\/ HPT Fig. 4.19 The expression clone
IFS with insertedCYP93C18(IFS —
358:Hyg(R)

stop. According to the Vector

NQOSt
R | A1 NTI Suite 9.0.C
pPGWB5::IFS
NPTII 17993 bp
NOSpro /
RB

—

Fig. 4.20. Electrophoretaram of the
colony PCR products verifying tf
2000 bp presence ofCYP93C1 insert (~1700

1500 bp “- -. bp) in five selected colonies. -5C)

1000 bp Colony number.

IC e 3C 4C "5C

—

Fig. 4.21 Electrophoretogram
confirming the presence and the corl

orientatbn of the insert in the plasns

isolated from coloniesC and 2C (1)
PCR product (~1700 bp) obtained us

CYP93C18&pecific primers, (2) PC

product £1700 bp) obtained usircross

combnation of CYP93C18pecific

primer F and pGWB , (3) the isolated
plasmid with the insertecCYP93C18
itself (~ 17,000 bp; pl with 3 ul of

loading buffer loaded per lane
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4.2.5. Trangormation of Agrobacterium tumaefaciens

The next logical step of our effort to oveexpressCYP93C18 was the
introduction of the obtained expression clones inta natural genetic enginee
Agrobacteriumwhich possesses the abjlito tranfer a gene of inter with a selectable
marker into a plant genome. The isolated plasmidgsGWB2::IFS+stop and
pGWB5::IFS-stopwere separately transformed irAgrobacteriur GV3101 by means
of electroporation. Transformants were then setkotethe YEB-plates containing 50
pg/ml kanamycin, 5 pg/ml hygromycin, 50 g/ml gentamycin and 210(ug/ml
rifampicin (Fig. 4.22). Randomly-chosen colonies werkeckedby colony PCR with
appropriateCYP93C1-specific primers in both cases (Fig. 4)23.

—

Fig. 4.22 Selective plate wil transformed
Agrobacterium colonies (slightly ove-

grown) carrying introduced expressi
clone pGWB2::IFS$stor. The plate was
very similar in appearance to those v
colonies carrying expression clo

pGWB5::IFS—stop.

2000 bp

oo (R A L 4 A

1000 bp

2000 bp

BN Sweew

1000 bp

1C 2C SN 1C 7 2€ 3C &G BSE

Fig. 4.23 Electrophoretogram of tl Agrobacteriumcolony PCR products confirmir
the presence o€YP93C1 insert (~1700 bp) itfive selected colonies. -5C) Colony
number. (A) pGWB2::IFS, (B) pGWB5::IF
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4.2.6.Arabidopsis thaliani transformation with pGWB2::IFS

After the construction of the plant expression ee@GWB2::IFS, the gene «
interest (under the 35S promoter) was introducecAgrobacterium tumaefacierinto
Arabidopsis thaliang, using the standdized floral dip methd. Following the
infiltration, transfomed plants maturedin the growthchamber. Theirseeds were
harvested, sterilize and sown individually on ten Mp@lates with 50 pg/mi
hygromycin. Ason average only ol out of 200 seeds sown ome plats survived the
selection, tansformationefficiency was stated to be 0.50ig. 4.24.). Tlus, only 10
putative tranformed Arabidopsisseedlings were obtained. They wesubsequently
transplanted ito soil (Jiffy peat pot), grown under stand canditions and analyzed
(see section 4.2)(. The above-mentionedprocedure was repeated to obi
homozygous lineof transformantsin T2 generation. The seeds of generation
originating from individual T plants were grown on plates separately and hogous
and heterozygous lines were thus sir distinguishable: all seedlings appeared on
plate in the case dhe stable homozygous line; approximately Yithe seeds did not
survivein the case of heterozygous Is, due to theesistance markesegregation (Fig.
4.25.). It should also be mentioned tharansgenic Arabidopsis displayed no
phenotypical changes in comparison with -type Arabidopsig(Fig. 4.26).

...in detail

Fig. 4.24 Selection of seeds from transgeArabidopsison MSplate. On average, only 0.5
seeds survived the selecti
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Fig. 4.2t Selected sdlings of T2 generation. (A) Homozygous line (all set
germinaed); (B) Heterozygous line ( non-germinated seeds).

Fig. 4.26 Wild-type Arabidopsi: plant (A) compared to th&1l generation of transger
Arabidopsis plants overexpressing CYP93C (B, C). No apparentphenotype changes
were observed.
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4.2.7 Verification of correct function of CYP93C18 transgene

Transgenichygromycir-resistant plants and their negeneration were then
analysed at four different levels: DNA, RNA, pratgeiand metabolite

4.2.7.1. DNA level

DNA isolated from all transgic plants of T1 and 20 randon-chosen plants of
T2 generation wasnalysed by PCR witlCYP93C18specific primers tcverify the
presence of the transgerCYP93C18was found to be present in all "Arabidopsis
plants (Fig. 4.27.anc in most of the individuals of T8eneratio (Fig. 4.28.A). The
corresponding band was also obtainePisum— as a positive contr (Fig. 4.28.B), but

not in wild-typeArabidopsi: — the negative control (Fig. 4.28.C).

2000 bp
1500 bp

s 1000 bp

Fig. 4.27 Ten transgeniArabidopsisplants of T1 generation. Electrophoretogram confign
the presence @@YP93C1 (arrowhead show$S 1662 bp long).

A. B. C.
2000 bp
—> r = 1500 bp
1000 bp

Fig. 4.28 Electrophoretogram oPCR productsconfirming the presence CYP93C18
(arrowhead showH-S 1662 bp long). (A) Two chosen PCR products fromhomozygous
line of transgeni@rabidopsi; (B) Pisumas a positive control; (C) wi-type Arabidopsisas a
negative control.

69



4.2.7.2. RNA level

RNA was isolated from 1 Arabidopsisleaves and analysed IRT-PCR in order to
verify the presence oCYP93C18mRNA, and thus thective transcription of the
transgeng even without any previous strestimulation The same procedure w
carried out inPisun and wild-typeArabidopsisas controlsRNA and cDNA yields

(measured by Nancrop) were as follows:

Sample RNA (ng/uL) cDNA (ng/ul)
Transformed Arabidopsis 1 420 984
Transformed Arabidopsis 2 300 898
Wild-type Arabidopsis 1 21 1171
Wild-type Arabidopsis 2 92 1593
Pisum 1 3354 1362
Pisum 2 1721 1232

The results obtained proved thCYP93C18 mMRNA was present in transgel

ArabidopsisandPisun but not in wild-typeArabidopsig(Fig. 4.29)

2000 bp
1500 bp

1000 bp

Fig. 4.29 Electrophoretogram cwo selectedPCR products obtained by PCR with cDNA
CYP93C18specific primers (arrowhead shes IFS without intron 1575-bp long). (A) T2
generation of transgeniArabidopsis (B) wild-type Arabidopsisas a negative control; (¢
Pisumas a positive contr¢
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4.2.73. Protein leve

To confirm the correct expression of the CYP93Ctb8al protein extractior
accurate quantification ansubsequent immmoblotting with an IF-specific peptide
antibody (designed accordingly to ‘et al, 2000; Fig. 4.3).were performed. 1-D
SDSPAGE western blot of 1Qig total protein extracted from transgenic and -type
Arabidopsisand Pisun was reversilyl stained with Ponceau S (Fig. 4. for control
detection of separated proteins. In contrast to sYuwésult, the subsequent
immunological detectic showed that the antibody reacted non-specific manner
with the total protein extracted from the plantamined, and, accordingly, we noi
the concomitant failure of the discrete IFS ban@ppear sufficiently distincy in the
immunoblot (Fig 4.32). In spite of this, the CYP93C18 protein (59.4 kDaynbe
assumed to be present in transgeArabidopsis and Pisum, but not in wild-type
Arabidopsis A similar problem due to the n-specific binding of the IFS antibodys
already been described in the literature, onceafiatty, 200:.

66 kDa
<€— ~59kDa
RESCL T D G Sy
45 kDa ; T
T WT P

Fig. 4.30 1-D SDS-PAGE western blot of total protein stained with &®au S. Rubisc
large subunit (RBS-L; 55 kDa) occupies the major proportion of thetphas extractec
IFS of the presumed size 59.4 kis present approximately halay between RBS-L
and the66 kDa marker. (T) TransgenArabidopsis (WT) wild-type Arabidopsis (P)
Pisum
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Fig. 4.31 The modelled CYP93C18, with the red region indimgtthe epitop of th
peptide NH-DPKYWKRPLEFRPER. This peptide, used for -specific antibody
producton (conjugated with KLH), is localized in a hig-accessible site of
CYP93C18.

66 kDa

IFS (59.4 kDa) —>

RBSC-L (55 kDa)

T WT P

Fig. 4.32 1D SDS-PAGE immunoblot of the totaprotein of the plants examine
Although the bands are poorly vile, the CYP93C18 protein (59.kDa) may be
assumed to be present in transgeArabidopsis and Pisum but not in wilc-type
Arabidopsis the arrowhead shows a protein of size ca. 59 — putative isoflavone
synthase(T) TransgeniArabidopsis (WT) wild-type Arabidopsis (P) Pisum
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4.2.7.4. Metabolite level

HPLC-MS analysis of extracts from whole shoots am@éds of the plants
examined revealed the main indicator of the corregtction of the introduced
CYP93C18: the presence woflavonoids in the transgeni@rabidopsis despite the
absence of previous stress induction. Using 15ewifft isoflavonoid standards (Fig.
4.34.), we detected the isoflavone genistein asdanigthylated derivative, tectorigenin
(4°,5,7-trihydroxy-6-methoxyisoflavone), in the sh® and seeds of the transgenic
Arabidopsis respectively (Fig. 4.35. A and B). A positive t@h— Pisumcontained 5
different forms of isoflavonoids in total (Fig. £.3E and F). None of the isoflavonoids
on which we focused were present in the shooteeds of the wild-typérabidopsis
(Fig. 4.35. C and D). The chemical structures efifoflavonoids detected are shown in

Fig. 4.33. The quantities of the isoflavonoids nueed were as follows:

Sample Content of isoflavonoids
Shoot (ug/g dry weight) | Seeds (ug/g dry weight)
Transformed Arabidopsis 1.58 tectorigenin 0.5 genistein
Wild-type Arabidopsis none none
Pisum none daidzein 0.55 daidzein
0.31daidzin 6.96 daidzin
0 genistein 0.33 genistein
0.35 prunetin 0.14 prunetin
0.41 puerarin none puerarin
A.

OH OH
Fig. 4.33 Chemical structures of the detected isoflavonofé3.genistein; (B) tectorigenin;
(C) prunetin (7©-methylated genistein); (D) daidzein; (E) daidZiA¥-glucoside of daidzein);
(F) puerarin (82-glucoside of daidzein). Drawn in ACD/ChemSketcleaxding to PubChem
http://pubchem.ncbi.nim.nih.gov/).
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Fig. 4.34 15 isoflavonoid standards used: 1-puerarin (r43@), 2- daidzin (r.t. 3.235), 3-
ononin (r.t. 7.739), 4-daidzein (r.t. 9.354), Saitgin (r.t. 9.867), 6- genistein (r.t. 11.974),
7- isoformononetin (r.t.14.429), 8-formononetirt.(L5.624), 9-puerarin (r.t. 17.789), 10-
biochanin A (r.t. 19.270), 11-glycitin (r.t. 3.42Q)2-genistin (r.t. 4.809), 13-tectoridin (r.t.
5.054), 14- sissotrin (r.t. 11.041), 15-tectoriger(r.t. 11.840).Abbreviation: r.t. —
retention time.
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Fig. 4.35 HPLC-MS chromatograms of isoflavonoid content lwe texamined plants:
Extracts from transgeni@rabidopsisshoots (A) and seeds (B). Genistein and genistein
derivative tectorigenin were detected.

—>
Next page: Extracts from wild-typérabidopsis shoots (C) and seeds (D) — no

isoflavonoids detected; extracts fraiisumshoots (E) and seeds (F) — five isoflavonoids
detected.
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4.2.8. Visualization of CYP93C18n vivo

Next, our objective to visualize CYP93C18’s lozafionin vivo was met. It is
frequently stated in the literature that isoflavayathase is localized on the membrane
of the endoplasmic reticulum (Kochs and Grisebd®84; Liu and Dixon 2001 and
others). Using the on-line tool SignalP 3.0 (Beadtt al, 2004), the N-terminal signal
peptide of CYP93C18 was predicted with 99.6% prdig§Hidden Markov Models).
The cleavage site was determined to lie betweed&te and 19th amino-acid residues,
with a not very high probability of 39.2%. The piettbn of ER targeting was verified
by the Agrobacteriumamediated transient expression of 35S::CYP93C1&:.@ksion
protein (construct pGWB5S::IFS, see section 4.2 .Nicotiana benthamiandeaves.
The desired fluorescent signal was observed by sneaa confocal microscope in the
endoplasmic reticulum, as predicted (Fig. 4.36. A-Dhe 35S::CYP93C18:.GFP
localization was identical to that of GFP::HDEL (pB m-gfp5SER) fusion protein
marker for the ER localization (Fig. 4.36. F). Iontrast, these results were very
different from the diffused localization of free Bin the cytoplasm and nucleus (Fig.
4.36. E).

4.2.9. IFS association with endoplasmic reticulum embrane

The question as to how the IFS is bound to thertebrane, however, remains
to be answered. In the case of IFS, no signal an@leo uncleaved signal peptide) was
recognised by the HMM, nor was any potential madiion site found within the
CYP93C18 sequence. However, further investigatisimgithe on-line tools SOSUI
(Mitaku Group, Department of Applied Physics, Nagoyniversity) and TMpred
(Hofmann and Stoffel, 1993), revealed the preseasfcéhe N-terminal hydrophobic
transmembrane helix with inner-outer membrane tatén, corresponding to the
predicted signal peptide within the IFS sequence ®gnstructed a model of the
CYP93C18 3D structure using the Modeller9v5 program templates, known 3D
structures of mammalian P450 (e.g. rcsb code: Rigid, and 3e6i) were utilized as they
were found to be the most suitable by the Psipneeating algorithm. On the basis of
this model and previous predictions, we propose exhanism of IFS membrane-
binding, with the N-terminal helix embedded in amieane (Fig. 4.37. A). The N-
terminus was not modelled, due to the absencestiiatural template. Our proposal of
IFS’s association to the ER membrane is also stggpby the electrostatic distribution

on the protein computed by the linear Poisson-Budtzn equation (Fig. 4.37. B).
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Fig. 4.36. Transient expression 35::CYP93C18::GFP fusioproteins(A-D), of the
control GFP itself (E) and of the GFP wHDEL sequence (F), in the lower epiderr
cells of Nicotiana benthamiar leaves. The IFS::GFP fusi@ignal was observed with
the endoplasmic reticulum, as predi. Images were obtained lmpnfocal microscop

[scale: bar =10 pum]. 78




Fig. 4.37.(A) In silico modelled 3Dstructure of CYP93C18 and its association with

endoplasmic reticulum membrane on tlytosolic side. The Nerminal hydropobic helix

(indicated inorange) is anchored in the membrane. Electrostatic distribution on tr
CYP93C18 model, viewed from the bott side. Red colour indicade5 kT/e, blue colour
stands for +5 kT/eThe positivel-charged and almost flat region represents a pet
membrane association s
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5. DISCUSSION

The two main objectives of the present mastersigsheere: (1) To identify
isoflavone synthase genes in the selected non-legus and leguminous plant species,
and (2) to perform a pilot study with IFS (CYP93¢ 1®m Pisum sativuni. in order
to test the feasibility of the functional expressifor newly-identified isoflavone
synthase genes and, moreover, to localize theiprotevivo. Our methodology was
inspired by several successful studies reportethén literature (Junget al, 2000;
Akashiet al, 1999; Kimet al, 2003), which described the identification, clogiand
functional expression of IFS from different leguimiis species, in connection with the

potential metabolic engineering of isoflavonoidgyinthesis.

5.1.IFS was detected in leguminous species only

Given that there are 60 isoflavonoid-producingnpltamilies known to date
(Lapcik, 2007), our approach was informed by five pattic hypotheses: (1) The
number of families producing isoflavonoids mightfact be significantly larger than
hitherto thought, (2) plants producing isoflavoreoidust necessarily possess an enzyme
catalyzing the migration of the aryl group on tleamnene skeleton of flavanones, (3)
genes encoding for this enzyme should display adhmgy with genes for IFS already
described in several leguminous species, (4) tserade of such orthologues need not
always signify the absence of the biosynthetic wathleading to the production of
isoflavonoids — and thus the possible existenceownfie other, hitherto undiscovered
enzyme(s) should not be ruled out, and, (5) comherghe presence of an orthologue to
CYP93C need not necessarily guarantee the presénseflavonoids, despite its high
probability.

It must be admitted that our efforts towards the af identifying IFS in non-
leguminous species did not yield fruit. Isoflavasyathase was discovered in none of
the 33 examined non-leguminous species from 14raift plant families, although, as
reported in the literature, in most of them isoflavids have been detected. Using the
PCR method with degenerate primers, PCR produats algained in 24 of the selected
plants, once reaction conditions had been optimigse@n though theéFS fragment

sequence determined by the degenerate primers m@snkfrom multiple alignment
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analysis, there was no particular expectation ash& precise length of the PCR
products, as the genomes of the examined plantsnkown (the variable constituent
was primarily the intron length). The length of gmaplified fragments obtained ranged
from 550 bp to 1500 bp. In total, 28 sequences \@egeiired upon sequencing (some of
which were fragments of different lengths origingtifrom the same species). A
BLAST search showed that half of them were not Hogmus to any nucleotide
sequence from the database, and that the remaamqgences displayed homology with
transposons and retrotrasposons, with fragmenta frotochondrial and chloroplast
genomes, and with various chromosomal DNAs not iBpdcin any further detail.
Moreover, whenCYP93C18specific primers were applied in the caseHimulus
lupulus andlris sp., PCR products of the promising lengths of 1BpQequal to the
length of IFS from thePisum) and 1500 bp, respectively, appeared. Surprisjrite
sequencing results were quite disappointing: tlipieseces did not share homology to
any knownlFS sequencéom the GenBank.

These results contrast with the fact that IFShesesh described in the case of one
particular non-leguminous species once in theditee: Junget al identified two
isoflavone synthase isoforms Beta vulgarisL. from the family Chenopodiaceae (Jung
et al, 2000), which is consistent with the presenceisoflavonoids in this plant
(Geigertet al,, 1973). However, the unexpectedly high homologgv@n the nucleotide
sequences of these two genes with their orthologues evolutionary distant
leguminous plants (99% in most cases) does raisee sawkward questions, even
though the necessity for the protein sequence Ye bhanserved regions is not open to
doubt.Beta vulgariswas also examined in our study, but with a negatésult, arising
from repeated erroneous sequencing — which makesetbult impossible to interpret.

On the other hand, this study demonstrates thiéyudf an undemanding PCR
method with appropriately-designed primers to idgmtew isoflavone synthase genes
in genomic DNAs of leguminous species. In conteduminous plants Phaseolus
vulgaris L. and Pachyrhizus tuberosud.am.) Spreng — we obtained new partiab
sequences using the same, above-mentioned degermraters, and subsequently
obtained also their complel&S sequences, using consensual primers spanning the
whole reading frame. The compldES sequences were 1860-bp long (including intron)
in the case ofPhaseolus,and 1803-bp long (including intron) in the case of
Pachyrhizus The introns revealed on the basis of alignmetit Wie most homologous
IFSs from GenBank, were 264-bp and 243-bp long, rdésmdg. This means that they
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were slightly longer than introns in soybd&®l (218 bp) andFS2 (135 bp; Jungt
al., 2000), and considerably longer than the 87-ypimdetected fCYP93C18n our
study (see section 4.2.1.). The n&w6 gene fromPhaseolus displayed a very high
degree of homology withFS1 from Vigna unguiculata(L.) Walp at both DNA and
protein levels (more than 97% of the amino-acidsewsimilar). These findings
correspond to the phylogenetical proximity of thése species within the millettioid
clade of the Phaseoleae tribe (Canmbral., 2009). In the case dPachyrhizus the
nucleotide sequence was most similar to IfF® from Pueraria montanavar. lobata
both belonging to the Glycininae subtribe (Lee &hynowitz, 2001). Surprisingly, its
amino-acid sequence was highly homologous to IRSh Vigna unguiculata(L.)
Walp., whose IFS was longer by three amino-acidses€ differences between the
DNA’s and the derived protein’s homologies couldelplained by the manner in
which the BLAST algorithm compares the sequencantdrest with the database,
without taking into account the degeneracy of teaegic code. The slightly higher
percentage of identities in the case of lR® gene fromPueraria versus thdFS gene
from Vigna (89% versus 86% of identitiesyas not reflected in a higher percentage of
identities in the derived amino-acid sequencé’uearia In contrast, the amino-acid
sequence of IFS2 froriigna belonging also to the Phaseoleae tribe but ndhén
Glycininae subtribe (Lee and Hymowitz, 2001), wasrid to be the most similar to our
sequence. This could be due to the fact that rnlotm&@matches in the nucleotide
sequence necessarily affect the protein sequence.

The next appropriate step would be the verificabbthe the correct function of
the newly-identifiedFSs fromPhaseolus vulgariandPachyrhizus tuberozussing the
methodology which was developed and successfulpfiep in the pilot study with
CYP93C18, as descibed below.

However, our best efforts notwithstanding, theecbye of identifying thdFS
gene in non-leguminous plants was not met, as #tbadology did not work here. This
fact needs to be interpreted with caution. In pafér: (1) In some of the plants
investigated, isoflavone synthesis is indeed absert thus the gene itself is likely to
be absent. (2) Primers designed on the basis okmoawledge of thdFS genes from
leguminous plants and from sugar beBet@ vulgari$, might not necessarily be
appropriate to phylogenetically distant plant spec(3) It is improbable, yet possible,

that one or more hitherto unknown proteins — resjid@ for isoflavone synthesis
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through a different enzyme pathway — may existeiadtof IFS, and if so, this pathway
still awaits discovery.

5.2. CYP93C18 is a functional isoflavone synthase

The primary aim of the second part of this studgswo develop an assay for the
functional expression of IFS, using CYP93C18 asxample. But the study could be
also considered as a continuation of the only stindplving CYP93C18: in 2005,
Cooperet al. demonstrated the obvious connection between udategn of the newly-
discovered CYP93C18, “a putative isoflavone syrdh@ene”, and a subsequent
increase in isoflavonoid pisatin content in peagtrdated with insect elicitor (Cooper
et al, 2005). However, the direct verification of therect function ofCYP93C18has
never been reported.

In the present work, a successful pilot study WwiB from Pisum sativuni.
(CYP93C18) has been carried out. The CYP93C18 wlastified, cloned using
Gateway" Technology and introduced into the model plarabidopsis thaliangL.)
Heynh. ecotype Col-O0.

Concerning our and Cooper’s CYP93C18 protein semjehe nine differences
discovered — all of which were upstream of theont+ could be ascribed to a genomic
polymorphism of individual varieties oPisum sativum L., as well as to possible
sequencing errors in our and/or Cooper’s sequéhaeover, a multiple alignment of
our CYP93C18with the 30 known isoflavone synthase genes, dioly that described
by Cooper (P450 Engineering database, Universit@gtaftgart), revealed that five of
the mismatched amino-acids in our sequence comeggbto the consensus; three of
the mismatches in Cooper's sequence correspondédet@onsensus; and both in
Cooper’s case and in ours, there was a mismatgbsation 155 that did not correspond
to the consesus. These findings support the polyhiem theory, and thus the
mismatches are unlikely to be attributable to saqumg errors. Such errors can be ruled
out as, in our case, the gene was sequenced three from both 5’and 3’ends (each
sequence run was based on an independent ampbificaaction). In any case, the
ascertained mismatches were not localized in thedyt& centre of the enzyme and did
not include the conserved amino-acid residues $@y Bys 375 and Leu 371, critical
for aryl migration (Sawadat al, 2002; Sawada and Ayabe, 2005). Thus they had no
influence over the localization and function of |8 was subsequently demonstrated

in the present study.
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In our work it was experimentally proved that tB¥P93C18jene is present in
the transgenicArabidopsis genome, and that this gene was transcribed urder t
constitutive promoter CaMV 35S, as confirmed by nseainRT-PCR.

However, the proof of the correct gene expressiendetection of CYP93C18
protein using western blot analysis, was sligtiiyieocal because of the fact that no
discrete band of the IFS appeared — due to thespeaoHicity of the antibody used. The
CYP93C18-specific antibody conjugated with KLH, wdesigned according to Yet
al. (2000), who immunochemically detected the soybi&&hin microsomes prepared
from transgenic tobacco leaves. The identical adifbvas also employed for the same
purpose in the study by Indu Jaganath (Jagana®g)2@h which she attempted to
detect the soybean IFS in both total and membrameips, from transgenic
Arabidopsis(Col-0) leaves. As in the case of our work, sheeobed strong cross-
reactivity of the antibody with proteins of varioo®lecular sizes, although the IFS of
59 kDa in the protein extracts from soybean (atp@scontrol) was clearly detected. In
our case, the antibody bound to various proteirth from transgeni@rabidopsisand
control plants Risumand wild-typeArabidopsis.

There are several explanations for this phenomeiibn The total protein
extract, but not the membrane protein extract, emmined. The amount of protein
which could cross-react was thus increased. Morgdlre prominent component of the
leaf total protein extract is Rubisco large subwhib5 kDa, whose preponderance in a
sample could “overlay” some non-abundant proteinigh wimilar molecular weight,
possibly including also IFS. (2) The primary potychl antibody was produced in an
immunized rabbit, and rabbits, being herbivoronosnals, can often produce antisera
displaying a non-specific background reaction agfgohant antigens (Oulehlowt al.,
2009). (3) Peptides similar to that chosen by wsafdibody design, can be found in a
small number of other plant cytochromes P450, eliengh none of these peptides are
identical to ours. (4) Most probably, polyclonaltiandies against the KLH:peptide
conjugate can cross-react with various plant anfige western blot analysis, thus
causing the non-specificity of the immunodetecti@ulehlovaet al, 2009). This
system seems to be unsuitable when a particulgeiprérom Arabidopsisor from
Pisumis to be detected. Apart from this, the visual@asystem of the secondary Anti-
rabbit IgG conjugated with alkaline phosphatases feand to be less than ideal, as it is
almost impossible to gain a sufficiently distinagithl image of the weakly-visualized

proteins.
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HPLC-MS analysis of the metabolites, however, wagre relevant, as it
provided the key proof of the correct function ofy93C18 in the transgenic
Arabidopsis.Compared to the 15 isoflavonoid standards, isofiaids genistein and
tectorigenin were detected in transgeAi@bidopsisshoots and seeds, respectively,
whereas no isoflavonoids were found in wild-typeabidopsis The latter finding
reflects the fact that the gene orthologous tolasohe synthase is not present within
the Arabidopsisgenome. Interestingly, the transformicbidopsiswas able to produce
small amounts of isoflavonoids without any previaigess induction such as UV-B
treatment (Ywet al, 2000) or elicitation with yeast extract (Akahial, 1999), which
are known to activate the phenylpropanoid pathwag @&ncrease the levels of
isoflavonoids and of their precursor naringenin.

The present study thus provides the ample evidérate
(1) CYP93C18 is a functional isoflavone synthasé#hadugh only small traces of
genistein and tectorigenin could be detected in-ttBB8sformedArabidopsis their
presence was indisputable.

(2) Arabidopsisis an appropriate plant-expression system whigpaties the IFS
substrate naringenin. The elimination of water teeldy isoflavones from 2-
hydroxyisoflavanone is likely to be spontaneousther dehydratation could possibly be
catalysed by 2-hydroxyisoflavanone dehydratase ¢hAkat al, 2005), although no
evidence of the presence of this enzyme in nonAgous species has been reported,
as far as we are aware. Moreover, isoflavone-modjfgnzymes, namely hydroxylase
and O-methyltransferase, clearly had to be present andlbe to recognise the novel
substrate genistein, as indicated by the presehdectorigenin (4°,5,7-trihydroxy-6-
methoxyisoflavong Our results also indicate that the introduced IfSceassfully
competed with the endogenous enzymes involvedairofioid biosynthesis, which also
utilize the flavanone substrate naringenin — fatance, flavanone-3-hydroxylase or
flavone synthase (Yu and McGonigle, 2005). Moreptlee surprising presence of the
methylated isoflavonoid tectorigenin, a well-knovemti-cancerogenic isoflavonoid
(Thelenet al, 2005), in IFS-transgenidrabidopsisis to the best of our knowledge
reported here for the first time.

(3) Our simple methodology was proven to be vepsilde for the exploration of the

function of newly-identified genes for IFS from i@us species.
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5.3. IFS is localized on the membrane of the end@sdmic reticulum

In addition, the predicted N-terminal signal pdptiof CYP93C18, and
thereby the latter’'s ER localization, were verifled means of transient expression of
CYP93C18::GFP in the tobacco leaves, where the GighRal appeared on the
endoplasmic reticulum, as predicted. This resultassistent with the concept of the
isoflavonoid metabolone (Yu and McGonigle, 2005henwe membrane-bound IFS
ensures the correct metabolic channelling by ictarg with enzymes upstream and
downstream in the pathway. It is encouraging toenthiat a result similar to ours
appears to have been obtained by Liu and Dixon1(RQdlbeit with IFS cDNA from
Medicago truncatulaverexpressed ikledicago sativaeedlings.

Our results, however, contrast with the conclusiceached by Indu Jaganath
(cited by Crozieret al, 2006), who failed in her attempt to engineer gamistein
metabolic pathway intArabidopsis Col-0 using soybean IFS. One of the possible
explanations the authors suggested for this failengails considerations of IFS
subcellular localization. Accordingly, the introsuttdFS was transcribed at high levels
but genistein was not produced, due to the potentialocalization of IFS in the
cytoplasm instead of its association with the ERmimeane. This explanation was
consistent with the fact that IFS was not detebtediestern blot analysis of membrane-
bound proteins from transgenic lines. The questloen arises as to why the IFS
examined by them might have been incorrectly laealiin the transgenic plants,
whereas our IFS, as well as those by other invastig (Junget al, 2000; Yuet al,
2000 and others), were indeed correctly embeddédteimembrane.

The manner in which the IFS is attached to thent&nbrane is still not entirely
clear. It is generally acknowledged that membramend P450s have their N-terminal
signal sequence anchored in the membrane and Halvapresidues in the F-G loop
(between F and G helices) associated with the coltoside of the ER membrane
(Baudryet al, 2006). Other possible interaction domains, suecheggments before and
after the A-helix, and amino-acid residues finstrand 2-2, were also described
(Williams et al, 2000).

Ourin silico predictions involving isoflavone synthase, andriedel generated
are consistent with the above-mentioned featurehe@fmembrane-bound P450s. In a
manner analogous to Dat al, who constructed a model of mammalian P450 2B1 and

clarified its mode of attachement to the endoplasreticulum membrane (Dai al,
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1998), we propose a similar mode of IFS membraseriion. The N-terminus was
predicted as the only transmembrane domain of tbéip. Additional hydrophobic
regions, localized on the same protein face ad\tlberminus and protruding from the
protein surface, could be found within the F-G loth pre-A region as well as in tfe
sheet 2-2. This proposed IFS membrane associdowever, remains to be confirmed,
by means of the methods of structural biology.

Taken together, our data provide direct evideraretlie proposed isoflavone
synthase enzymatic activity of theisum sativumL. CYP93C18 proteinin vivo.
Moreover, we demonstrated that the isoflavone sygglirom pe& associated with the
endoplasmic reticulum membrane on its cytosolice sighd, according to our
hypothetical model, it is likely to be anchoredréhéy the N-terminal transmembrane

domain.
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6. CONCLUSIONS

The present masters thesis dealt with the genatikgsound of the biosynthesis
of plant secondary metabolites — isoflavonoids,cgpally with the genes for the
isoflavone synthase (IFS) — a key enzyme in thigagonoid biosynthetic pathway.

In the light of the current state of knowledge,wias attempted to identify
isoflavone synthase genes in 33 species from ZXdrdift families of non-leguminous
plants, using the PCR method with degenerate psimer spite of the considerable
effort expended, no such gene was identified is $tudy. However, the method
worked in the two control leguminous speciebaseolus vulgari&. and Pachyrhizus
tuberozus(Lam.) Spreng., whose new complete genedH8 homologous to known
IFS genes in GenBank, were thus obtained. As a prdgcthe future, it will be
appropriate to confirm the correct function of theew genes by means of functional
expression.

A pilot study with IFS fromPisum sativunlL. (CYP93C18) was successfully
conducted. TheCYP93C18gene was identified, cloned and introduced inte th
isoflavone pathway-free plaArabidopsis thalianausing Gateway' Technology. The
correct function of the gene was verified at foiffedent levels and the most important
result to emerge was the detection of the isoflawdsgenistein and tectorigenin in the
transgenicArabidopsis The methodology used is thus applicable to theysof the
function of newly-identified genes for IFS from ettspecies also.

In addition, CYP93C18::GFP fused proteins weradiently expressed in the
leaves ofNicotiana benthamianaand the localization of the GFP signal was observed
on the endoplasmic reticulum, using confocal micopy. This was consistent with data
previously reported in the literature and with thesilico predictions. The mode of the
attachement of IFS to the endoplasmic reticulum brame suggested in our model,
however, still remains to be experimentally cladfi using methods of structural

biology.
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